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The purpose of the study was to determine by X-ray 
crystallographic methods the structures of some atmospherically 
unstable silicon and germanium compounds. Two such compounds 
were structurally investigated. The unstable nature of the crystals 
created problems in handling, photographing, and in determining 
accurate cell dimensions. As a result as much information as 
possible had to be gleaned from only a few photographs, most of 
them oscillation, and not always with the crystal perfectly set. 
The crystal and molecular structure of di-iodogermane, 
GeH2 I 2 , was determined and refined by three-dimensional least-
squares methods, using 256 observed reflections, to an R index of 
0.088. The substance crystallized in the monoclinic space group 
C2/c with unit cell dimensions:- 
a = 14. 544A, b = 4.784k, c = 9. 133A, 	3 = 123. 35. 
The Ge-I bond length was determined as 1.510k, and the I-Ge-I bond 
angle was very close to tetrahedral at 109. 8 
The crystal and molecular structure of the silicon tetrachloride 
adduct of a per chioropolysilane was investigated. The per chioropoly-
silane molecule turned out to have the formula Si 5 C1 12 and not S1 6C1 14 
as had been expected from the method of preparation. It had also 
been suggested that the silicon tetrachloride adducts of both of these 
perchloropolysilanes were formed by bridging through chlorine atoms. 
This was found not to be the case. 
Using three-dimensional least-squares methods and 67 
observed reflections the structure of dode cachloropentasilane silicon 
tetrachloride, Si 5 Cl 12 . SiC14 , refined to an R index of 0. 044. The 
substance crystallized in the cubic space group F 43c, with a = 17. 344A. 
The two types of molecule, Si 5 Cl 12 and SiC14 , were simply stacked 
together in the crystal lattice with intermolecular distances corres-
ponding to no more than van der Waals type interactions. 
During work on these substances an electronic calculator with 
card reader programming facilities was installed in the laboratory. 
A third section is therefore included in the thesis giving details of 
crystallographic programs that were written for the calculator. 
Many of these programs were used in the course of this work, and 
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THE CRYSTAL AND 
MOLECULAR STRUCTURE OF 
DI - IODOGERMANE 
1 
SECTION 1 	 INTRODUCTION 
1.1 	Di-iodogermane 
The commencement of the study period for this thesis 
coincided with preparative work in the department on various 
inorganic compounds using vacuum line techniques. Some silicon 
and germanium compounds in particular were under investigation and 
the first crystalline substance to be produced was di-iodogermane. 
Although the structure of the molecule was hardly in doubt it had 
not been investigated in the crystalline state using X-ray analysis. 
Also, the problems involved in handling such material presented a 
sufficient challenge for work to commence with a view to a single 
crystal structural analysis. 
1.2 	Germanium Iodine Compounds 
At the time of commencing work on di-lodogermane few 
structural investigations of any kind had been carried out on 
germanium iodine compounds. Germanium tetraiodide, Gel 4 , had 
been investigated using electron diffraction (1)(2). Previous to this 
a rough X-ray crystallographic determination of Gel 4 had been carried 
out and published in 1925 (3). An X-ray determination of germanous 
iodide, Gel., published in 1938 (4), showed that the atoms in this 
compound were not covalently bonded but existed as ions, the 
germanous cation, Ge , being surrounded octahedrally by iodide 
anions at a distance of 2. 94A. In 1967 however, a more accurate 
X-ray determination of the Ge-I bond was found from crystals of 
C 4H4GeI4 (5). The molecule has the structure 
I 
I 
With so few determinations of the Ge-I bond it was of interest to 
obtain as high an accuracy as possible for the bond length in di-iodogermane 
1.3 	Cell Dimension Problems 
In order to obtain high accuracy in bond length a correspond-
ing accuracy for cell dimensions was required. As a result of having 
only low angle reflection data and the presence of tilt setting errors 
considerable effort was to be spent in analysing these effects and 
devising procedures of correction. Having different and independent 
sources of some cell values pointed up the need for corrections and 
acted as a cross-check on the final results. 
'3 
SECTION 2 	CRYSTAL GROWTH AND MOUNTING 
	
2.1 	First Method 
Di-iodogermane, GeH 2I 2 , was prepared in a vacuum line. 
It was a white solid which sublimed in vacuo to give little cube-like 
crystals when warmed. These crystals remained solid at room 
temperatures but tended to decompose if sublimed too much. 
The crystals were sealed up in their Pyrex ampoule for 
transferring to Lindemann and Pyrex glass capillaries in a dry bag 
filled with nitrogen. The ampoule was split open in the dry bag and 
some of the better looking crystals removed on the end of a small 
nickel spatula and dropped into the wide open end of some small thin-
walled capillary tubes. The open ends were sealed with plasticine 
and the dry bag opened. The tubes were finally sealed by melting 
the glass near the neck of the capillary using a microburner. 
After two days, however, considerable decomposition had 
occurred, rendering the crystals useless for single crystal X-ray 
work. 
2.2 	Second Method 
An ampoule of micro crystalline di-iodogermane, cooled to 
-196°C by liquid nitrogen, was supplied. The ampoule had been sealed 
under vacuum from a vacuum line. It was-then allowed to warm up to 
room temperature except for a wet cloth wrapped around one end to 
provide a slightly cooler part. Long colourless needles, some up 
to a centimetre long, grew in this cooler part. The needles were 
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standing up almost perpendicular to the glass surface from which 
they had grown. 
On opening the ampoule under dry nitrogen in a dry 
box the rush of nitrogen into the vacuum broke the needles up. One 
or two short lengths of crystal were loaded into soft glass capillaries. 
These were temporarily sealed with plasticine, and finally by heating 
over a micro-flame after removal from the dry box. 
These crystals survived for only six or seven days 
over which period they progressively deteriorated. 
2.3 	 Third Method 
Since decomposition was a major hazard it seemed 
desirable to keep the crystals under vacuum-sealed conditions. 
The wet cloth method employed above suggested the possibility of 
using cold water to provide a temperature differential, this time 
to capillaries already attached to the large ampoule so that direct 
growth of crystals in the capillaries could take place (Fig. 1). 
An ampoule with capillary side arms was removed 
from the vacuum line and clamped so that one of the capillaries 
dipped into a beaker of cold running water. After a day or two 
suitable small crystals had grown in the capillary which was then 
removed, and sealed in the process, using a micro-flame. 
Crystals sealed in this fashion survived for a few 
months compared with a matter of a few days by the previous 
methods. 
rt a. s S 
FL. I . 	Arran3 emertt For growL. nq crystaLS OF 
ai-LoLo 3 e.rrna.ne t.n. a. CcLpLLLary. 
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SECTION 3 	PRELIMINARY X-RAY WORK 
3.1 	 Choice of Radiation 
With heavy atoms such as germanium and iodine present 
it seemed likely that the shorter wavelength of Mo Ka- -radiation 
would be preferable to Cu Ka- -radiation, in order to reduce absorption. 
The mass absorption coefficients for the two radiations were calcula-
ted according to the equation (6) 
E 
. 1. 
where g. is the mass fraction of element i and (t/jo  )i is its corres-
ponding mass absorption coefficient (7), (Table 1). 
Atomic weights:- Ge = 72. 6, H = 1. 0, I = 126.9 
Molecular weight of GeH 2I 2 = 328.4 
Hence mass fractions:- g 	= 0. 2211, g 	= 0. 0061, g = 0.7728.. 
Table 1. 	 Mass absorption coefficients. 
Cu  MoK FZ 
germanium 	 75.6 64.8 
hydrogen 	 0.44 0.38 
iodine 	 294 37.1 
Using the mass absorption coefficients of the elements as 
listed in Table 1 the overall mass absorption coefficients for di-
iodogermane were calculated as:- 
Z44. 2 cm2 /g for CuKz radiation 
and 43. 2 cm. 2 /g for MoK radiation 
Since MoK-radiation gave five to six times less absorp- 
tion all work on di-iodogermane proceeded using this radiation. 
3.2 	Approximate Cell Dimensions 
A needle-shaped crystal, mounted by the second method 
described in the previous section, was oscillated about its needle 
axis. Using MoKoc. -radiation the resultant oscillation photograph 
showed four layer lines and revealed that the crystal was slightly 
tilted. From the layer-line spacings the corresponding unit cell 
translation was calculated as 4. 74 A. 
Since rapid deterioration was expected a zero-layer 
Weissenberg was immediately set up. This showed two prominent 
reciprocal axes at 
570  to each other. A Weissenberg chart gave 
their lengths as 0.12 r.l.u. (reciprocal lattice units) and 0. 19 r.l.u. 
A first-layer Weissenberg further revealed that the correct values 
for these axes were half those given by the zero-layer. 
The oscillation photograph generally showed mirroring 
in the zero-layer. Discrepancies were attributed to the slight 
tilt error and the crystal was taken to be monoclinic with the follow- 
ing approximate cell dimensions:- 
a* = 0.060'r.l.u. 
b* = 0. 150 r.l.u. 
c* = 0.095r.1.u. 
13* = 57 ° 
a = 14.1ZA 
b = 4.74A 
C = 8.92A 
/3 = 123° 
( 
3. 3 	Lattice Symmetry 
The b-axis oscillation photograph showed mirroring in the 
zero-layer indicating minimum symmetry of monoclinic. The 
zero-layer Weissenberg photograph had no axes at 900  or 600  to 
each other and therefore the maximum symmetry indicated was 
monoclinic. Comparison of the zero-layer Weissenberg with a 
second-layer photograph showed that all 1 -odd reflections were 
absent on the zero-layer (cf. Figs. Za and 2c). A c-glide plane 
was therefore present. Comparison of first- and second- layer 
Weissenberg photographs showed that all h-odd reflections were 
absent on k-even layers, and that h-even reflections were absent 
on k-odd layers (cf. Figs. Zb and Zc). The general condition,that 
h+k = Zn for a reflection to be present meant that the lattice was 
C-face centred. 
The conditions for reflection were therefore:- 
hkl: 	 h+k=Zn 
hOl : 	 1 = Zn, 	h=Zn 
OkO: 	 - 	k 2 
These conditions complied with two possible monoclinic space 
groups : CZ/c and Cc. To decide between the space groups it 
was noticed that C2/c with its two-fold axes possessed a centro- 
symmetric (010) projection, whereas Cc gave a non- centro symmetric 
(010) projection. An N(Z) test on the hOl zone was therefore used 
to determine the space group, (Section 3. 5). 
(ct.) k=O 
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3. 4 	Collection of hOl Data 
The hOl intensities were measured visually, by comparison 
with an intensity strip, from a 24 hour exposure 3-film pack zero-
layer Weis.senberg using zirconium filtered MoK -radiation. 
The first two films in the pack were Ilford industrial G and the 
outside film was Ilford industrial B. 
The intensities from the different films were scaled 
together by applying scale factors which had been determined by 
plotting graphs of the intensities for given reflections on the 
different films against each other. The scaled intensities were 
then averaged. 
Values of sine for each hOl reflection were found graphic-
ally (from sin 0 = 9 /2), by measuring 9 , the radial co-ordinate 
of each hOl reciprocal lattice point on a scale drawing of the zero-
layer of the reciprocal lattice. The Lorentz and polarisation 
factor, Lp, for each reflection was then read off a graph of the Lp-
function plotted against sin 0 and then applied to the measured 
intensities to give Fo2 values. 
3.5 	N(Z) Test and Space Group 
N(z) is the fraction of reflections for a given small range 
of sin 0 which have Fo values which are less than a fraction, Z, 
of the average Fo 2 value for that range (8). Table 2 shows the 
FP  values, omitting reflections with h = 0 or 1 = 0, divided into 
sections according to sin 0 . Three overlapping ranges of sin 19 
(Table 3) were selected and the N(z) values for each z-fraction 
were averaged to give a mean N(z) (Table 4). 
I 
Table Z. 	Fo2 values in groups by sine. 
h 2 4 6 8 
sine 0 0 0 20 
0. 40 
o.35 
13 8 11 81 
0. 3o  
3 50 55 286 
0.2. 
0. 10 
47 190 207 407 
0.15 
J 
33 243 351 448 
0.15 0 1 102 278 59 
o • to 
o.2.c 
7~ 118 2 FO 
0. 30 
0 21 0 
0.40 
10 12 14 1 
-10 0 
67 - 8 
4]4 0 izi - 4 
6 
Table 3. 	Ranges of sin e. 
sin 9 	N . 	E 
Range I 	 0. 15-0.30 	17 	2447. 	143.9 
Range II 	 0.20-0.35 	23 	2073 	 90. 1 
Range III 0.25-0.40 	26 	1218 	 46.8 
Table 4. N(z) values. 
0.1 	0.2 0.3 0.4 0.5 0.6 	0.7 	0.8. 	0.9 	1.0 
Range I 5.9 11.8 17. 6 35.3 47. 1 47. 1 52.9 64.7 70.6 70.6 
Range II 30.4 39. 1 43. 5 47. 8 52. 2 56. 5 69. 6 69. 6 73. 9 73.9 
Range 111 34.6 38.5 46.2 46.2 57.7 57.1 57.7 61.5 61.5 61.5 
MeanN(z) 1  23. 6 29. 8 35. 8 43. 1 52. 3 53.8 60. 1 65. 3 68.7 68.7 
10 
The mean N(z) values, expressed as percentages, were 
plotted against the z-fraction and compared with the theoretical 
graphs for centro symmetric and non- centro symmetric symmetries. 
Fig. 3 showed that the projection was centro symmetric and therefore 
the space group was monoclinic C2/c. 
3. 6 	Structure Prediction 
Taking the Ge-I bond length to be the same as in tetraiodo-
germane, Gel 4 , 2. 50 A (2), and assuming the bond angles at germanium 
to be tetrahedral, models of the di-iodogermane molecule were 
constructed on the scale 1cm = 1 A. 
From the space group requirements the molecules had to 
lie on 4-fold special positions or on 8-fold general positions. The 
minimum of four molecules per unit cell gave a density of 4. 35 g/cm 3 
and reasonable packing; whereas eight molecules in the unit cell 
resulted in a density of 8.70 g/cm 3 and an unreasonable packing 
situation. -T- 	el4Avas therefore assumed/to contain7four di- 
iodogermane molecules and that these occupied special positions. 
The space group, C2/c, allowed five four-fold special 
positions, four of which were centro symmetric. Since the molecule 
was almost certainly not planar the remaining special position which 
possessed 2-fold symmetry was taken to be the one occupied, with 
the germanium lying on the two-fold axis. Restricting the 
intermolecular iodine contacts to 	4 A indicated essentially two 
possible orientations for the molecules (Fig. 4). In one of these 
the I-Ge-I plane of the molecule lay almost parallel to the (001) 
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strong suggesting that the structure with the molecules more or 
less parallel to the (00 1) plane was likely to be a good starting 
point. 
12 
SECTION 4 	STRUCTURE IN TWO DIMENSIONS 
4.1 	Initial Trial Structure 
The initial trial structure was based on the model prediction 
given in the previous section. The parameters used were:- 
x 	 z 	 B 
Ge 	 0 	 1 4 	 4.0 
I 	 0.1500 	0.2500 	4.0 
Structure factor calculations using dispersion corrected scattering 
factors gave a residual R = 2 ) 4, (Fol - IFJ}I / ti01 	of 0.407. 
A difference Fourier map showed that the Ge-I distance in the trial 
structure was too long. A more precise determination of the iodine 
position was therefore sought from the Ge-I peak in the (010) 
Patterson projection. 
4.2 	(010) Projection Patterson 
A temperature factor sharpened Patterson map (Fig. 5) for 
the (010) projection clearly showed that the correct orientation of 
the di-iodogermane molecule had been selected. The co-ordinates 
of the Ge-I peak were carefully determined by a graphical inter-
polation procedure. The x-coordinate was determined by finding 
first the peak maxima of each section by z through the peak. The 
interpolated locus of these maxima then indicated the x-coordinate 
of the peak centre (Fig. 6a). Using the same procedure but taking 
sections by x through the peak gave the desired z-coordinate (Fig. 6b). 
The following parameters were then used as a trial structure:- 
C 
Y2- 




	B = 40. 
FL. 6. 	SectLors trou5k the P a, tterson. Ge I peak 
Is 	 14 	 IS 	 14 	 20 
(i2ot1s) 
-I 	 0 	 I 	 2. 	 3 
z C 
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x 	 z 	 B 
Ge 	 0 	
1 	 4.0 
I 	 0. 1450 	 0. 2642 	 4.0 
In this way an R of 0. 151 was achieved. 
	
4.3 	Difference Fourier Refinement 
The difference Fourier map indicated small shifts in the 
iodine position and also that the isotropic temperature factor for 
germanium was too high. The following parameters reduced R to 
0. 129:- 
x 	 z 
Ge 	 0 2.5 
I 	 0.1444 	 0.2615 	3.7 
The difference Fourier projection still indicated that the isotropic 
temperature factures were marginally high but that the main 
disagreement was caused by anisotropic vibration of both germanium 
and iodine (Fig. 7). 
4.4 	(010) Projection Least-Squares Refinement 
Hydrogen atom positions were assigned and the following 
parameters were used to commence a full matrix least-squares 
refinement. 
X 	 Z 	 B 
Ge 	 0 1 	 2.2 
I 	 0. 1444 	 0.2617 	3.2 R=0. 129 








The germanium and iodine atoms were allowed to vary 
anisotropically, whilst the hydrogen atoms remained fixed. 
Germanium therefore had three temperature parameters variable 
and iodine two positional and three temperature parameters variable. 
These plus a scale factor gave a ratio for observations to variable 
parameters of about 5:1. 
Four cycles of least squares refinement were carried out. 
The parameters ceased to vary after three cycles and yielded an 
R-Factor of 0.067. The final parameters were:- 
x 	 z 	 U 11 	 U 33 	 U 31 
Ge 	0 1 	 0.0313 	0.0496 	0.0269 
I 	0.1441 	0. 2619 	0.0398 	0.0652 	0.0301 
H 	0.0608 	0.4408 	B = 3.0 
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SECTION 5 	ROUGH THREE-DIMENSIONAL STRUCTURE 
5.1 	Packing Considerations 
The (010) projection of the unit cell showed that an iodine 
atom of one molecule was almost in the same plane as the H-Ge-H 
group of its neighbour in the z-direction and that these groups would 
form the closest non-bonded contacts between the symmetry related 
molecules on the two-fold axes separated by 1 c (Fig. 8). 
Scale drawings of three molecules along each two -fold axis 
as projected on to a plane normal to the a-axis were made. The 
molecular sizes were based on van der Waals radii of H = 1. 20 A, 
Ge = 2. 00 A, and I 2. 15 A. The axes of the two projection 
drawings were placed on the 0, y, I 4 and the 0, y, -1 two-fold axes 
of a scaled drawing of the (100) projection of the unit cell. The 
two columns of molecules were slid relative to each other until a 
position of minimum interaction was achieved. 
With the relative positions fixed the two columns were finally 
adjusted so that the centres of symmetry between the molecules 
matched those of the space group in the unit cell (Fig. 9). The 
rough y-coordinates found in this manner were:- 
y. 	= 0.35 
= 0.04 
= 	0.55 
502 	Least-Squares Refinement 
At this stage the only readily available upper layer reflection 
data was the hi!.. layer from an equi -inclination Weissenberg. The 
0 	 x 
FL*j 8. 	(0 0) Projecton o1 two molecules 
relote.ct 5y t 	centre oP symmetry 
&.t 
5caL 	1 C. m = I A 
(too) Project Lior 
,noLecvla.r rnolets 
axes CL 	Q , y , . 
OF spa-ce -  
orL t1e tWo- FOL(L 
LIL O,y, 3 . 
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h21 layer was too poor to use, and the crystal was by then showing 
signs of decomposition. 
The hil intensities were measured visually and. Lp corrected. 
The I Fol data now consisted of 40 observed hOl reflections and 44 
hil reflections. The initial trial structure used the parameters from 
the (010) projection least-squares refinement combined with the rough 
y-positional parameters. Ani sotropic thermal parameters for 
vibrations in the b-direction were assigned on the basis of the 
isotropic temperature factors of B = 2. 2 and B = 3. 2, for 
germanium and iodine respectively. These had to be converted to 
1*22 for the computer program concerned by the expression: 
t2 - 
where the reciprocal axis was expressed in reciprocal lattice units. 
Four cycles of least-squares refinement were carried out 
allowing scale factors and y-parameters only to vary. The R-value 
then stood at 0. 072. Now keeping the scale factors fixed a further 
four cycles of refinement with all other parameters varying, except 
those for hydrogen, reduced R to 0. 068. 
5. 3 	Description of Approximate Structure 
The final coordinates from the least-squares refinement 
were as shown in Table 5. 
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U = 0. 0380 
At this stage the trial structure possessed a Ge-I bond 
distance of 2. 49 A. The I-Ge-I bond angle was 106
0
. However, 
with approximate cell values and only first order data in the 
0 
b-direction the structure could be described as no better than 
approximate. 
SECTION 6 	CELL DIMENSION ACCURACY 
6. 1 	The Problems for Di-iodogermane 
Owing to the reactivity and the tendency for decomposition of 
the crystals there was little time to try setting crystals exactly. 
In any case the crystals tended to shift or reform by sublimation in 
the capillary. Sometimes only preliminary photographs were 
possible and in an endeavour to extract as much information as 
possible it was desirable to consider these as well. It was 
necessary therefore to devise some kind of correction procedure for 
cell values from data for tilted crystals. 
Using MoKcx. radiation meant that high angle data was not 
available. The nature of the crystals being investigated also 
enhanced the fairly rapid fall off in intensity with sin U so that 
procedures involving extrapolation to sinO = 1 were not feasible. 
Unfortunately cell values from low angle data are somewhat sensitive 
in a systematic manner to errors such as crystal tilt or in film 
diameter. 
6. 2 	Film Diameter Error and Weissenberg Data 
To investigate the effect of film diameter error on reciprocal 
cell values calculated from low angle Weissenberg measurements a 
hypothetical crystal was invented with a reciprocal axis of 0. 100 r.l.0 
For convenience a film diameter of 57. 29578mm was chosen for the 
hypothetical film, and spot positions calculated. From the spot 
positions the reciprocal cell dimension was then recalculated, but 
using a variety of film diameters to simulate error. The reciprocal 
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cell values thus obtained were plotted against sin(T/Z) of the 
corresponding film spot. 
Two forms of spot position measurement were used: 
(a) 	from the film centre line to the spot, and (b) from spot to 
corresponding spot on opposite sides of the centre line measured 
along the axial row. In addition to using exact values in calcula-
tions to give the precise form of the graphs, rounded off spot 
position measurements which were assigned a precision of 0. 1mm 
were also used so as to give an indication of the size of random 
error, which would, of course, be present in the real case. 
(a) 	Centre line to spot measurement: 
The formula used to calculate the reciprocal cell dimension 
was 	 t* = 2 sin Xn 
n 	D 
where 	t* = reciprocal cell dimension in r.l.u. 
x 	= distance of spot from centre line 
n 
n = order of spot 
D  = film diameter 
The results (Fig. 10) showed that when a low film diameter 
was used the reciprocal cell dimensions calculated erred on the 
high side and for high diameter they erred on the low side. For 
sin'e > 0. 8 	the curves were to a reasonable approximation 
linear. Since it was only at high sin O that the curves turned 
sharply towards the correct reciprocal cell value extrapolation 
to sin 
2Ø 	1 did not provide a sufficient correction. 
(b) 	Spot to spot measurements along axial row: 
The formula used to calculate reciprocal cell values by 
9 , 	(r.L.u.) 
0.100 
O.Oqq  
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We 
this method was 
L,. t* =2 sin
2J 	+ n 
where t* = reciprocal cell value (r. 1. u.) 
T = camera translation for 1800  crystal rotation 
In = inter-spot distance along axial row 
n = order of spot 
D = film diameter 
The graphs obtained (Fig. 11) were similar to those obtained in (a) 
except that the error ranges were smaller and the deviations of the 
curves from the correct straight line were slightly less. 
Thus a film diameter error of 0. 2mm was just significant 
enough to produce a systematic error as large as any random error. 
Therefore using camera diameter alone was not accurate enough, 
the film thickness (0. 22mm) and the cassette thickness (0. 105mm) 
required to be taken into account. 
6. 3 	Crystal Tilt and Weissenberg Data 
To investigate the effect of crystal tilt on reciprocal cell 
values from Weissenberg data a hypothetical reciprocal lattice 
row was chosen with t* = 0. 100 r.l.u. and with a tilt süchthat 
the first order spot had a zeta value of 0.007 r.l.u. , a tilt of 
4.010. The spot positions corresponding to this axis on a 
Weissenberg film of diameter 57. 29578mm and translation of 
90. 0mm for 180 ° rotation of crystal were calculated. Using the 
calculated spot positions various attempts were made to arrive 
back at the correct reciprocal cell value allowing an accuracy no 
0.099 
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greater than could be achieved in reality. 
(i) 	Since spot to spot measurements along an axial row 
produced smaller random errors than the distance from the film 
centre line method it was used to recalculate reciprocal cell 
values ignoring tilt by the formula 
L t* =2 	sin 
n 
A plot of the calculated reciprocal cell values against sin 
2 (T/2) 
is shown in Fig. iZa. The values approached the actual cell 
dimension only at high sin (T/2). For a tilt of 4 ° an error of 
over 210 resulted for sin k (T/2) <0. 5 compared with a random 
+  
error size of about - 0. 3% at sin
L 
 (T/2) = 0. 1. 
A plot of the spot positions that the tilted reciprocal lattice 
row would cause on a Weissenberg film of diameter 57. 29528mm 
was made (Fig. 13). In the central region, for sin  (T/2)  <0.4, 
the positions appeared as being virtually in a straight line. An 
attempt to correct for tilt was tried by measuring the displacement 
of the spot, parallel to the film centre line, from the correct 
untilted Weissenberg line. This was rather difficult to do directly 
because of the smallness of the distances involved and also in the 
real case because of the shape of the spots which are elongated in 
this direction. 
The method employed was to measure off 30mm along the 
centre line from its point of intersection with the axial row and draw 
a line normal to the centre line to cut the axial row (Fig. 14a). 
0. )02. 
0.101 
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Coordinates for the spot were then found by proportion and 
the displacement of the spot parallel to the centre line, from the 
formula (Fig. 14b). 
L?& yr. = y ir 2 
Knowing the displacement, 	could be calculated (Fig. 14c) 
2. 	 4yt 
from 	
4 	+ 
Finally a correct reciprocal cell value could be calculated from 
4 
rL 
The method however proved to be too sensitive to the errors in 
y-coordinates of the spots. 
(ii) 	The effect of the tilt error on the reciprocal cell dimension 
as calculated from the film centre line to spot distance was 
investigated. The cell values in this case gave a straight line when 
plotted against sin (T/  z). The systematic error was also much 
smaller than that produced using spot to spot measurements along 
the axial row (Fig. lZb). Further, the straight line appeared to 
intersect the correct value at sin (T/2) = 0. 5. This was checked 
geometrically to see if this was generally true or just coincidence. 
A reflection at angle 2 ê = 11/ 	has its reciprocal lattice 
point 12. r. l.u.  from the origin of the reciprocal lattice. 
Tilting the crystal does not alter 2 e and since this is a right 
angle its projection on the zero level plane, T, is also a right 
angle. Thus even a tilted axis will without correction give the 
correct reciprocal lattice dimension by linear interpolation to 
2- 
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However, in the case of di-iodogermane the reflections 
were all of such low angle as to make extrapolation to sin 	12) 0. 5 
rather unreliable. 
(iii) 	The sensitivity of the spot to spot method and the relative 
insensitivity of the film centre line to spot method suggested that 
the difference of values obtained by the two methods might be related 
in some useful way to the tilt error. 
Taking a reciprocal cell value of 0. 100 r. 1. u and film 
diameter of 57. 29578mm, graphs were plotted of recalculated 
values by the two methods for a variety of tilts (Fig. 15). The 
difference in values for the two methods taken at sin k (T/2) = 0 
was denoted as A . It was noticed that for a given reciprocal 
value, t, the larger the tilt the larger was A . To a first 
approximation 	z/sin 0 = constant,where 	= tilt angle, and 
also 	 = constant. For a given tilt the larger t*,  the larger 
the larger was A , so that 	was still roughly constant. 
Only changing the film diameter altered the constant. 
A fuller investigation of the relationships was carried out 
for a particular film diameter, D  = 57. 60mm, and a variety of 
tilts, reciprocal cell dimensions, and 	values. The results 
are shown in Table 6. The number of decimal places shown obviously 
exceeded the accuracy of possible real values but then interest was 
first of all in exact relationships. The L2 values listed refer to 
the difference in t values calculated by the two methods being 
considered at sin (T/ 2 ) 	for the first order spot. They are 
almost the values that would be obtained by extrapolation to sin (p12) = 0. 
0.102. 
9 1  (r.L.u.) 
0.1 	 0.1 	 0.3 	 0.4 
S 
• 15. . 	Comparison o 	ccLLcuLo.teci r e C ~procaL vcttues For 
t1tecl crysta.LS 	ustncj (a.) 	a.xa.L spot to spot 
measurements , a-rid. (b) FiLn centre Line to spot 
me4.SuremerLts, 
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Table 6. 	Values of 	for a variety of tilts and reciprocal 
cell values. 
sin t* (r.l.u) t, (r.l.u) L\x10 3 
0.10 5.74° 0.05 0.0050 2.1485 0.4297 
0.09 5. 16° 0. 10 0.0090 3.8378 0.4264 
0.08 
4•590 
0.15 0.0120 5.0751 0.4229 
0.07 4.010 0.05 0.0035 1.4722 0.4206 
0.06 
3•440 
0. 10 0.0060 2.5033 0.4172 
0.05 2.87 ° . 0.15 0.0075 3. 1019 0.4136 
0.04 2.29° 0.05 0.0020 0.8228 0.4114 
0.03 1.72° 0.10 0.0030 1.2235 0.4078 
0.02 1. 15 0 0.15 0.0030 1.2122 0.4041 
0.01 0.57 ° 0.05 0.0005 0.2011 0.4022 
-0.01. . 	 -0.57 ° 0.10 -0.0010 -0.3949 0.3949 
-0.02 -1. 15 ° 0. 15 -0.0030 1731 0.3910 
-0.03 -1. 72 ° 0.05 -0.0015 -0.5831 0.3887 
-0.04 -2.29° 0.10 -0.0040 -1.5403 0.3851 
-0.05 -2.87
0 
 0. 15 -0.0075 8576 0.3810 
-0.06 -3.44 
0 
0.05 -0.0030 -1.1363 0.3788 
-0.07 -4.01 0 0. 10 -0.0070 -2.6245 0.3749 
-0.08 -4.59 0 0. 15 -0. 0120 -4.4485 0.3707 
-0.09 -5.16° 0.05 -0.0045 -1.6580 0.3684 
-0.10 -5.74° 0.10 -0.0100 -3.6448 0.3645 
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It:can be seen from Table 6 that 	varies according to 
the tilt. A graph of L\/ 	plotted against sin 0 is shown in 
Fig. 16. The relationship is linear, but the slopes of the lines either 
side of zero tilt are slightly different. 
Positive tilt was defined as giving positive L which happens 
when the gradient of spots on the film is greater than the correct 
Weissenberg slope for the axial row (Fig. 17). 
6.4 	Correcting Weissenberg Data for Crystal Tilt 
Knowing whether the tilt being considered is positive or 
negative according to the convention described above we have the 
relation 
A _ mØ + 6 
where m is the gradient of the graph of .C. 	plotted against sin 
and b is a constant. Since sin 	- 	the following quadratic in , 
results 
2. 
/ 	3 . 
where 	 a = rn / t 
b = 	 t s L n 0 	o 
c=- 
For a specific film diameter the gradients m+ and m- for positive 
and negative tilt respectively and the constant b could be found 
empirically from a graph, such as in Fig. 16, and then 	, 	from 
= 	-6 + I6 -h-cc 
20,  
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value obtained without accounting for tilt was sufficiently accurate 
for this. For a film diameter of 57. 60mm the relevant information 
needed was:- 	 m+ = 0.307 
m- = 0.340 
b 	= 0.399 
The correct cell value is then t* 	 + 
6.5 	Crystal Tilt and Oscillation Data 
Fig. 18 showed that the distortion on layer-line spacings was 
minimal on the side where the normal to the reciprocal lattice plane 
through the origin was tilted into the sphere of reflection but was 
considerable on the opposite side where it was tilted away. Using 
the formulae described and derived in Appendix 1 layer line positions 
were derived for a hypothetical tilted crystal. Then assuming no 
tilt the corresponding cell translations were recalculated and plotted 
against n, the layer-line number. With increasing tilt the calculated 
	
cell translations, t 	, were increasingly lowered and the higher 
the layer-line order the greater was the lowering effect. 
6.6 	Correction Procedure for Oscillation Tilt 
An empirical method was devised for correcting cell 
translation values from tilted crystal oscillation photographs. The 
method assumed small range of oscillation. The steps involved 
were: - 
(i) 	Measure y 	and y 	, the spacings of the nth and 
-n th layer lines from the zero layer line on the oscillation 
photograph as measured at T = 0 
IS. 	EfPect o cr y5 tci.L tLt or 
oscillcttort Layer Lne posLtLon 
IeL 
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Calculate lattice translations, t 	, from the interlayer 
line spacings, y 	+ 
Consider a theoretical crystal with similar axial translation 
and calculate sets of y 	and y... 	values for different 
small tilts, qS 
Plot Ay 	= y! - y, 	against the layer line number 
for the known theoretical tilts 
Plot the actual 	L y, values for the real crystal on the 
theoretical graph and by interpolation estimate the tilt 
angle 0. 
Again take the theoretical crystal and calculate y 	and 
Y M 	 for the now known tilt. 
Calculate the lattice translations, t M 	 assuming the 
interlayer line spacings y 	+ y_/ 	for the theoretical 
crystal and hence obtain a set of values 	L\ t ,. 	t 	- tIL  
where 	 is the difference between the actual lattice 
translation and the value calculated from tilted data. 
Apply the theoretical A t values as an empirical 
correction to the t,, 0 	values found for the real crystal 
so that 
t,t 	= 	+ 
Calculate a weighted mean value from these corrected 
values, the weights being proportionalto the reciprocals 
of the corresponding error ranges. 
SECTION 7 	DETERMINATION OF CELL DIMENSIONS 
7. 1 
	
Determination of 'a' 
In order to obtain as high an accuracy as possible the 
camera diameter was carefully measured and found to be 58. 03mm. 
Using a micrometer gauge the cassette thickness was determined 
as 0. 105mm and the film thickness as 0. 220mm. Thus the mean 
diameter for a single film completely enclosed in a cassette was 
57. 60mm. 
The value of 'a' was determined from an oscillation 
photograph which showed 11 layer lines suitable for measuring. 
A tilt analysis showed the setting to be good within 10 and that an 
error of about 0.01mm would be present in the interlayer line 
spacing for n = 10. Compared with the measuring precision 
oft 0.05mm the tilt error was insignificant. The values for 
t a t obtained are shown in Table 7. 
Table 7. Values of tat from layer line spacings. 
n a 	(A) Error (A) Weight 
3 14.521 tO.084 0.17 
4 14.580 O.062 0.23 
5 14.556 - 0.048 0.30 
6 14. 554 0.039 0.38 
7 14.555 0.030 0.45 
8 14. 526 0.025 0.56 
9 14. 547 t 0.020 0.67 
10 14. 530 t 0.018 0.82 
11 14.549 ± 0.014 1.00 
IT 
Taking a weighted mean average gave a = 14. 544 A with a statistical 
standard deviation 0(a) = 0.914 A. 
7.2 	Determination of 'b' 
The b-oscillation photograph showed only four layers. The 
values obtained from the layer line spacings were then combined with 
measurements obtained from a -axis rotation Weis senberg photographs, 
b = A / b . 	At first the two sets of values did not quite match. 
The oscillation photograph showed clear tilt effects. Analysis of 
the 	Ly 	values indicated a tilt of about 2 ° (See Table 8). 
Table 8 	Tilt analysis for b-oscillation 




( - - ) 	Fr 	$ = 
1 4.38 4.33 -0.05 0.02 
2 8.93 9.03 0.10 0.10 
3 14.23 14.48 0.25 0.30 
4 20.93 21.73 0.80 0.75 
The Weissenberg data now matched the tilt corrected 
oscillation data. A list of b-values was drawn up, each value with 
its error range and a weighting factor proportional to the reciprocal 
of the error range (Table 9). 
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Table 9. 	Values of 'b' from oscillation and Weissenberg films. 
n b 	(A) Error (A) Weight 
1 4.762 0.027 0.15 
2 4.780 - 0.013 0.31 
3 4.785 0.006 0.67 
4 4.782 0.004 1.00 
n 	 \/b* (A) Error 	(A) Weight 
2 	4.792 0.014 0.29 
4 4.784 0.007 0.57 
6 	4.798 0.012 0.33 
2 	4.778 0.014 0.29 
4 4.784 0.007 0.57 
6 	4.785 0.004 1.00 
2 	4.778 0.014 0.29 
4 4.784 0.007 0.57 
6 	4.785 0.012 0.33 
The weighted mean value for 'b' was calculated as 4. 784 A 
with a statistical standard deviation of 0 = 0. 005 A. 
7. 3 	Determination of c 
Values of c* were obtained from a 3 film pack of b-rotation 
Weissenberg films for which a tilt correction was applied, and from 
a-rotation Weissenberg films. Weights were given to each value 
(Table 10) and a weighted mean calculated as 0. 09316 r. 1.,u. with a 
standard deviation 	o= 0. 000 16 r. 1.u. 
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Table 10. Values of c* obtained from: 
'a' rotation Weissenbergs 	and 	'b' rotation Weissenbergs 
n 	 ZghtT n 	 c* 	Weight 
(r. t.u..) 	 ( r. Lu..) 
2 0.09275 0.33 
4 0.09299 0.67 
6 0.09307 1.00 
8 0.09318 0.70 
10 0.09313 0.88 
2 0.09318 0.33 
4 0.09299 0.67 
6 0.09321 1.00 
8 0.09328 0.70 
10 Q09321 0.88 
2 	0.09317 0. 17 
4 0.09320 0.68 
6 	0.09322 1.00 
8 0.09310 0.75 
2 	0.09289 0.17 
4 0.09335 0.68 
6 	0. 09322 1.00 
8 0.09312 0.75 
2 	0.09305 0. 17 
4 0.09307 0.68 
6 	0.09308 1.00 
7.4 	Determination of a* 
Tilt analysis for the a* row on the b-rotation Weissenberg 
film indicated a tilt of 1.96 ° . 	Tilt corrected values of a* were 
therefore use d (Table 11). 
Table 11. 	Values of a* from 'b' rotation Weissenberg films 
n 	a* 	Weight 	n 	 a* 	Weight 
4 0.05846 0.36 8 0.05847 0.73 
6 0.05851 0.53 10 0.05854 1.00 
8 0.05849 0.73 14 0.05846 0.36 
10 0.05848 1.00 4 0.05843 0.36 
14 0.05837 0.36 6 0.05862 0.53 
4 0.05845 0.36 8 0.05856 0.73 
6 0.05850 0.53 10 0.05852 0.24 
The weighted mean value of a* was calculated as 0.05850 r.l.u. 
with a standard deviation o = 0. 00005 r. l.u. 
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7. 5 	Determination of 4 * 
From the b-rotation Weissenberg film /3* was measured 
as 56. 6° (t 0.2 0  ) 	 It was possible however to calculate the angle 
from 
/3* 	sin 
which gave a value of 56. 65 ° . The standard deviation was estimated 
from 
+ 	
tfl]  A. 
all- 
which gave 	 c. () = 0. 11 0 
7.6 	Summary of Crystal Data 
For the reciprocal cell the values of a*, b* and c* were found 
directly, and /3 * by calculation. 
= 0.05850 r.l.u. 
b* = 0. 14856 r.l.u. 
c* = 0.09316r.1.0 
/3* = 56.65 ° 
cos. /3* = 0.54975 
c(a*) 
cr(cos /3 *) 
0. 00005 r.l.u. 
0. 00016 r.l.u. 
0. 00011 r.l.u. 
0. 11 ° 
0.00164 
In the real cell the values of 'a' and 'b' were determined 
directly, and 'c' and / 	by calculation. 
The crystal and unit cell data may be summarised as follows:- 
a 	= 14. 544 a- (a) 	= 0.014A 
b 	= 4.784A c- (b) 	= o.00sA 
= 9.133A c.r(c) 	= 0.016A 
/3 = 123.35°  = 0 . 11 0 
cos /3 	= -0.54975 o(cos1,3) 	= 0.00164 
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Ge HI 2 	M. W. = 328.4, 	Monoclinic, C2/c, 
V = 530.8A3 	Z = 4, 	D, = 4.11 
F(000) = 560, Mo Kcx radiation, 	= 176. 7 cm 
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SECTION 8 	STRUCTURE IN THREE DIMENSIONS 
	
8.1 	Three-dimensional Reflection Data 
Three different crystals were used. From the first, 
oscillating about the b-axis, were obtained a 20 ° oscillation photograph 
showing layers for k = 0 -3  4, an hOl Weissenberg, and an hil Weissen-
berg. From the second, oscillating about the a-axis, were obtained 
a 200  oscillation photograph showing layers for h = 0 - 13, and an 
Oki Weissenberg. From the third crystal a 20 
0 
oscillation photograph 
was used showing layers 0 -p 14. The axis was determined as the 
[ 1 12 	zone with translation repeat distance of 14. 66 A. 
The oscillation photographs were indexed graphically by 
calculating 9 -values for each reflection and finding a fit on a 
scale drawing of the appropriate section through the reciprocal lattice. 
All intensities were measured visually and a correction factor applied 
for spot extension in upper layers of oscillation photographs. 
Lorentz and polarisation factors were applied. 
Scaling together of different sets of data was achieved by 
comparison of IFol values for common reflections. The upper 
layers of the b-axis oscillation photograph were found to be 
relatively too faint. Thiswastakentobe caused by absorption effects. 
Each layer from this photograph was therefore scaled separately. 
8. 2 	Absorption Correction 
A second set of reflection data was fully absorption corrected 
assuming a cylindrical shape for the needle crystal.- A spherical 
absorption correction was applied to the 'blob' shaped crystal. 
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As the third crystal used did not approximate to a suitable correction 
shape, an empirical method was employed based on common reflections 
with the first two crystals. The scaling graphs for the absorption 
corrected reflections showed marked reduction in the amount of 
scatter about the mean scaling lines. 
The effect of capillary absorption was checked for Pyrex 
glass and the difference found to be less than 1% over the layer 
lines and was therefore ignored. 
8.3 	Refinement of Structure 
Using the absorption corrected reflection data the structure 
refined anisotropically to R = 0. 127, compared with R = 0. 133 for 
the uncorrected set. The positional parameters for both refinements 
were little different, but the thermal. parameters with the absorption 
corrected data were higher. 
A revision of the observed reflection data was made at this 
stage. All observed IFol values disagreeing with the calculated 
IFol values by more than their allowed error range were checked. 
Estimated intensities which were just outside the intensity strip 
range were now omitted. Some reflections which had appeared as 
absent on one film but medium to strong on another were given the 
appropriate value or rejected altogether. Some observed intensities 
which were relatively much too low but which corresponded to 
reflection at the ends of oscillation ranges were omitted. A few 
reflections with intensities which were relatively much too strong 
were assumed to be caused by other crystalline material present and 
consequently rejected. The presence of such reflections was 
clearly indicated by spots between layer lines, and other, sometimes 
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quite intense, spots on layer lines but which could not be 
indexed. 
The least satisfactorily scaled set of reflections, Oki with 
k = 0, were given a separate scale which was allowed to refine 
in the least-squares program. The resultant R index was 0.088. 
The hydrogen atom coordinates were calculated assuming a bond 
length of 1. 52 A for Ge-H and a tetrahedral H-Ge-H bond angle. 
Inclusion of the hydrogen atoms left the R index unchanged and no 
attempt was made to refine the hydrogen atom parameters. 
The positional and thermal parameters of the refined 
structure are shown in Table 12, and a list of observed and calculated 
structure amplitudes is given in Appendix 2. 
Table 12. Atom parameters as fractions of-cell edges, with standard 
deviations in parentheses. 
Ge 	 I 	 H 
(assigned) 
x 	 0 
y 	0. 31977 (139) 
z 
U 11 0.06443 	(17) 
U 22 0. 03732 	(32) 
U 33 0.07362 	(25) 
U 12 0 
U 13 0.04997 	(18) 













U = 0.75991 
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8.4 	Discussion of Structure 
The final refined structure gave a bond length for Ge-I of 
2.510 A with a standard deviation of 0.006 A. This length was 
slightly greater than the values 2.48 A and 2.49 A found by Bokii 
and Struchkov (5) in C 4H4 Ge 2I 4 using single crystal X-ray analysis. 
However, with an R index of 0. 153 they did not claim high accuracy 
for their structure. Some determinations of the Ge-I bond are 
listed for comparison in Table 13. The I-Ge-I bond angle was 
determined as 109. 84 0( 0 = 0. 28) which was very close to the 
0 
exact tetrahedral angle, 109.  47 
The Ge-H bond was assigned a value of 2. 52A and the H-Ge--H angle 
was assumed to be tetrahedral. In the presence of such heavy 
atoms as germanium and iodine it was not possible to determine the 
Ge-H bond from the X-ray analysis . The assigned value was based 
on the determinations listed in Table 14. 
Table 13. 	Some Ge-I bond lengths (A) 
Compound Bond length Method Reference 
Ge 14 
 
2.58 (rough) x. r. c. (3) Jaeger, et al (1925) 
2.47 e.d. (9) Stromme (1937) 
2.48 0.03 6. d.  Hassel, Sandbo (1938) 
2.50 t0.03 e. d.  Li ste r, Sutton (194 1) 
C 4H4Ge 2 I4 2.51 e. d. (10) Mastryukov (1965) 
2.48 0.01 ) x.r.c. (5) Bokii,Struchkov(1967) 
2.49 -0.01) 
GeH2 I 2 2.510 	0.006 x. r. c. This work 
Table 14. 	Some Ge-H bond lengths (A) 
• Compound Bond length 	Method Reference 
GeH 3 Br 1.44 	0.10 	M. W. (11) Mays, Dailey (1952) 
GeH 3 C1 1.52 	0.03 	M. W. (11) Mays, Dailey (1952) 




1.5Z4 	0.005 	i. r. (13) Lindeman, Wilson 
(1954) 
e. d. = electron diffraction 	 M. W. = microwave 
i. r. = infrared 	 X. r. c. = X-ray crystallography 
The molecules showed no signs of intermolecular bonding. 
The closest intermolecular Ge . . . I contact was 3. 92 A, and the 
closest intermolecular I . . . I contact was 4. 30 A. Projection 
diagrams of the unit cell for each axis are shown in Fig. 19. 
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PART II 
THE CRYSTAL AND 
MOLECULAR STRUCTURE OF 





1. 1 	Silicon Chains 
The per chioropolysilanes, Si Cl 	could be described 
n 2n+2, 
as the chioro-silicon analogues of the alkanes, C 
n Zn+2 
H 	. But 
whereas C - C linkages are very common, Si-Si linkages are 
relatively rare. The polysilanes SiH 6 to Si (,H 14 have been 
prepared (14), and the chemistry of various permethylcyclopolysilanes 
has been investigated (15), (16), (17), (18), (19). 	Compounds 
containing both Si-Si and Si-0 linkages have been described, for 







Cl - Si - 
I . 









Polymeric fluorosilanes have also been described (21). 
However, few compounds with silicon chains of three or 
more atoms have been structurally determined by X-ray crystallographic 
methods. One compound that has been investigated with a chain of 
three silicons is 2 - 13, 4, 5, 6 - tetrakis (trimethylsilyl) - 1 - 
cyclohexen - 1 - yl } heptamethyltrisilane (22). 
- 	SLfrk3 
Me sJj SL' 
::: 
Me 3 S1, 	I S' Me3 
M e- 
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1. 2 	Perchloropolysilanès and Isomerism 
The perchioropolysilanes have been known for some time 
(23), (24), but with the work of Kazmarczyk and Urry (25) interest 
in these compounds has been renewed. Not only do they contain 
silicon chains but the higher members of the series.also allow the 
possibility of isomerism. Some of these higher perchloropolysilanes 
form 1: 1 adducts with silicon tetrachloride (26) which are crystalline 
and suitable for study by X-ray methods. For example, it was of 
interest to see which isomer of dodecachloropentasilane is formed:-
n-pentyl, iso-pentyl or neo-pentyl: 
Si 
Si-Si-Si-Si-Si 	 Si-Si-Si-Si 	 Si-Si-Si 
	
I 	 I 
Si Si 
n-pentyl 	 iso-pentyl 	 neo-pentyl 
1.3 	Possibility of Chlorine Bridging 
Further interest was generated in the determination of the 
structures of the adducts with silicon tetrachloride by X-ray 
crystallographic analysis because of the suggestion that these - 
compounds might show chlorine bridging (Fig. 20) between the 
adduct molecules (26), (27). 
The suggested structure also involves octahedral 
coordination at a silicon atom. Such coordination is not unknown. 
It occurs, for example, in:- 
SiC14 2 p (CH 3)3(28), SiF6 	(29), (30), SiF4 . py 2 (31), 
and tris (0-phenylenedioxy) siliconate (32). These compounds all 
involve ligands of high electronegativity around the silicon atom, 










F9. 20. 	4 suestecL structc , re. For SgCL,t.SCLII.. 
CL  
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whereas in the polysilane adducts with silicon tetrachloride four of 
the ligand atoms in the suggested structures are silicons. 
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SECTION 2 	MOUNTING OF CRYSTALS 
2.1 	Type of Mount 
Usually small single crystals are mounted, by means of 
an adhesive, on the end of a thin glass fibre. Chiorosilane 
compounds are reactive towards oxygen and especially water. 
Crystals of these compounds must be protected from the atmosphere 
by sealing in some form of tube containing an inert gas such as 
dry nitrogen. Thin walled capillaries and thin walled glass bulbs 
were considered for this purpose. 
The use of a capillary tube for single crystals requires 
that the crystal be small enough to enter the capillary and yet 
large enough to jam firmly somewhere within it. This arrangement 
also results in varying absorption of X-rays according to the angle 
at which the rays pass through the capillary. 
An arrangement which avoids the above two problems was 
devised using a thin-walled glass bulb in which the crystal was held 
in place on the end of a glass fibre (Fig. 21a). The fibre was set 
in a specially shaped base which could be sealed into the neck of the 
bulb using Araldite. The method was tried out using a potassium 
dihydrogen phosphate crystal and appeared to be successful. 
However, most common adhesives had undesirable 
reagents in them for the crystals concerned. Shellac, for example, 
is dissolved in alcohol as solvent which contains the hydroxyl group. 
Araldite is an epoxy resin which employs some kind of amine 
hardening reagent. 
spec A 1 s; p e 	6o-se 
F. 2ia. 	Posst.I,k orystoL niou,rtt.n j Ln. 
M tkLn-'vta.1LJ. qLass 6L5. 
S CL4 
F. 2.1 6 • 	Attern F tecL ,yethoct to overcome 	Loss 
oF S CL4. Front crysta.Ls . 
21 c . 	Crys to. L mourt.n 	odoptecL 
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Seccotine contains amines. In general it seemed safer 
to avoid having the crystals in contact with any possible source 
of reaction, and so the glass bulb method was not pursued further. 
2.2 	Crystal Reactions on Handling 
Standing hexachlorodisilane, Si 2 Cl 6 and trimethylamine, 
(CH 3 ) 3N, in a sealed tube had produced a mass of large clear cube-
shaped crystals. Many of the crystals were between 1 and 2mm 
in side. Using a dry-bag filled with nitrogen some of the crystals 
were transferred to Lindemann capillaries (made of Lithium beryllium 
borate to minimise absorpiton of X-rays). The open ends were 
sealed with Apiezon grease. These crystals rapidly turned white 
and opaque. This was considered to be due to either hydrolysis 
or decomposition. 
The preparation employed followed that for obtaining the 
silicon tetrachloride adduct of tetradecachiorosilane, Si 6Cl 14 
SiC14 (33). According to Urry et al. the large clear cube-shaped 
crystals of the adduct gave, rise to white microcrystalline 
tetradecachiorosilane, Si 6 C1 14 , on losing silicon tetrachloride. 
If the white powder on the èrystals was simply due to dissociation 
then addition of fresh silicon tetrachloride should restore the adduct. 
Some crystals in a sealed Lindemann capillary were returned to the 
dry-bag and silicon tetrachloride added. Small gas bubbles evolved 
from the crystals and eventually the crystals disappeared completely. 
It therefore appeared as though hydrolysis had occurred and that 
the hydrolysis products had then reacted with the added silicon 
tetrachloride with the evolution of hydrogen chloride gas. 
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However some fresh crystals were transferred from the 
ampoule to a small test-tube in the dry-bag which this time con-
tamed an atmosphere of nitrogen and silicon tetrachloride vapour. 
On adding liquid silicon tetrachloride no gas bubbles were seen to 
evolve but the crystals did dissolve slowly. This was puzzling as 
the crystals were expected to be insoluble in silicon tetrachloride 
(34). On allowing the silicon tetrachloride to evaporate clear 
cube-shaped crystals again reappeared. It was therefore concluded 
that dissociation and not hydrolysis or any other reaction was the 
cause of the crystals decomposing. The gas bubbles observed 
above were possibly due to trapped nitrogen in the microcrystalline 
mass escaping as the solid material dissolved. 
2. 3 	Capillary Loading Problems 
The adduct has a vapour pressure sufficiently high at 
room temperature to cause it to dissociate to the microcrystalline 
polychlorosilane product. This meant that it was not possible 
simply to transfer crystals from the reaction ampoule and seal 
them immediately in a capillary. 
Addition of silicon tetrachloride to the capillary prior 
to transfer in order to create a vapour pressure of silicon tetrachloride 
in advance, or addition after transfer in order to restore the adduct 
was complicated by the fact that the crystals dissolved if too much 
silicon tetrachloride was added. 
An arrangement whereby the crystal could not come into 
contact with the silicon tetrachloride liquid but was in contact with 
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its vapour (see Fig. Zib) was also not successful. The crystals 
still dissolved. 
The Araldite glue used to seal the end of the capillary 
also absorbed silicon tetrachloride while setting. The glue was 
therefore prepared in advance away from any silicon tetrachloride 
and then used once the setting process had begun. An attempt to 
use a little Apieson grease as a protective seal before applying the 
Araldite was ineffective. It too absorbed the silicon tetrachloride 
and also tended to dissolve in it. Even after the Araldite had set 
the silicon tetrachloride appeared to continue to react with it as 
could be seen from the gradual penetration of a brownish colour 
in the glue which eventually became brittle and easily crumbled. 
Sealing off a length of capillary over a micro-flame had 
its problems. On heating the glass to melt it the vapours inside 
the capillary expanded and tended to blow a hole at the point of 
sealing. Applying a vacuum would have prevented the glass from 
blowing out but it would also have caused the immediate dissociation 
of the adduct crystal. Excess silicon tetrachloride to counteract 
this again suffered from the disadvantage of guessing the amount 
of excess and so this method was not attempted. 
The method finally adopted was to cut off a suitable length 
of capillary with the crystal in it and to seal its open end with a 
tiny blob of Araldite rather than sealing at the wide neck as had 
been tried previously. This reduced the absorbing contact area 
of the glue by a factor of around 40. Using the natural end of the 
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capillary as the seal for the other end meant that glue was used 
only once. When the small blob had set that end of the capillary 
was then glued into a holder, giving a double seal. (see Fig. 21c) 
2.4 	Capillary Loading Techniques 
All operations for loading capillaries were carried out 
in a dry box filled with dry nitrogen (see Fig. 22). The dry-box 
was both more versatile and easier to work in than the earlier 
polythene dry-bag. 
Equipment used in the dry-box included:- 
Two phosphorus pentoxide dishes to absorb any 
moisture introduced on articles or through any leaks. 
Tweezers for handling capillaries. 
A special capillary stand. 
Ampoule containing crystals. 
File (for vibrating crystals down capillaries) 
Semimicro spatula. 
Bottle of silicon tetrachloride. 
Glass dropper. 
Fine Fibres (for pushing crystals in capillaries) 
Each gas outlet from the box was connected to a dreschel 
bottle filled with concentrated sulphuric acid to act as a water trap 
and then to a dreschel bottle with glycerol to keep the sulphuric acid 
from being exposed to the atmosphere. The fine rubber gauntlets 
had to be replaced by thicker tougher gauntlets as they soon 
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deteriorated under the action of the silicon tetrachloride. 
The following sequence of operations was carried out:-
(1) 	A capillary was shortened to a length of about 40mm. 
This length was convenient for easy manipulation and eliminated 
the narrower end of the capillary. The desired size of crystal 
was therefore in the range 0. 3 to 0. 6mm wide. 
On transferring to the glove-box the capillary was 
supported in a specially constructed stand. (Fig. 23a). A tiny 
amount of phosphorus pentoxide powder was introduced to ensure 
dryness and was pushed down to the end of the capillary using a 
thin glass fibre. 
Half a drop of silicon tetrachloride liquid was also added 
and worked down to the end of the capillary using a glass fibre. 
A crystal was selected and removed from the ampoule 
on the end of a glass fibre and pushed down in the capillary until 
it jammed. Some 'sacrificial' crystals were also added and 
pushed down to about 10mm above the first crystal. 
The capillary was moved to another part of the stand and 
placed in a hole drilled in the base (Fig. 23b). The top portion of 
the capillary (i. e. the end with wide neck) was removed by 
squeezing with a pair of tweezers about 20mm above the crystal 
to be photographed. 
The open end was sealed using Araldite previously mixed, 
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(vii) 	After 24 hours the complete stand was removed from 
the glove-box, the capillary removed carefully from its place 
on the stand, and then glued into a special support before being 
mounted on a goniometer (Fig. 23c). 
2.5 	Mechanical Considerations 
For mechanical reasons only certain lengths of capillary 
and certain positions of the crystal in the capillary were accept-
able (Fig. 24a). 
The distance from the free end of the capillary to the 
crystal, XY, had to be not greater than25mm if the 
capillary was to avoid striking the beamstop carrier. 
The distance from the crystal to the goniometer 
fitment, YZ, had to be not greater than 25mm, 
otherwise it was not possible to adjust the crystal 
into the X-ray beam. 
The distance YZ also had to be not less than 15mm, 
otherwise there was insufficient capillary length left 
to insert into the support and also the goniometer :p&rts 
were sufficiently close to obscure some of the 
reflections. 
Commencing with a capillary of overall length 40mm the 
above conditions were met if the crystal lodged somewhere within 
25mm of the closed end and the capillary was then cut about 20mm 
above the crystal (Fig. 24b). 
earn 
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These conditions were often difficult to maintain. A more 
flexible arrangement allowing for any length of capillary beyond the 
X-ray beam was obtained by removing the fixed beamstop carrier 
and replacing it with one fitted to a ring which slipped on to the end 
of the collimator (Fig. 25). The new beamstop carrier could be set 
at any angle so as to avoid collision with a long capillary. Its only 
disadvantage was that it obscured a few reflections. 
25. 	VarrcdLe. oLe 6ecrn-stop carrier. 
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SECTION 3 	 PRELIMINARY X-RAY WORK 
3.1 	Powder Photography 
Using methods described for the preparation of dodecachloro-
pentasilane (34) Si 5 Cl 12 , a white microcrystalline product was 
obtained (35). Some of the product was loaded into and sealed in a 
thin glass capillary which was mounted in a Philips Debije Scherrer 
powder camera (type number PW 1026). Photographs were taken 
using Cu-Ky, radiation. 
Using methods described for the preparation of tetradecachloro-
pentasilane silicon tetrachloride (33), Si 6 Cl 14 . SiCl4 , large clear 
cube-shaped crystals were obtained (35). These readily lost 
silicon tetrachloride to give a microcrystalline product. Powder 
photographs of this product using Cu-K radiation gave photographs 
identical in line positions and relative intensities with those of the 
first product above. 
Clearly both microcrystalline substances were the same, 
either Si 5 C1 
12
or Si 6 Cl 14 (or possibly neither of these). 
3.2 	Radiation Considerations 
The radiations Cu-K 
A = 0.7107 A, were considered. 
2.. = 1. 5418 A, and Mo K 
The values of the wavelengths 
quoted are the intensity weighted means of the Ge,, and 06, 
wavelengths (36). The possibilities of X-ray fluorescence and 
anomalous dispersion were investigated. X-ray fluorescence occurs 
when the wavelength of the incident X-rays is only slightly shorter 
UBLQ 
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than K,,3 for the atoms in the crystal (37). Anomalous dispersion 
occurs when the wavelength of the incident X-rays is slightly shorter 
than an absorption edge of any of the atoms present(38). Table 15 
shows that neither of these effects should occur if Cu-K,-, , 	or 
Mo K oc, radiation is used. 
Table 15. Some radiation data for silicon and chlorine (39). 





6. 7446 A 
chlorine 
	
4. 4031 A 
	
4. 3969 A 
The relative effects of absorption for the two radiations 
were compared by calculating the mass absorption coefficients, 
For the formulae Si 5 Cl 12 and Si 6 C1 14, using the equation 
AIL 
10 	L 
where gi is the mass fraction for element i and (,1LL/p ) is the mass 
absorption coefficient for that element(6). 
The appropriate data and results are shown in Tables 16 and 
17. 
Table 16. 	Mass absorption coefficients (7) 
Cu 
	
Mo K or_ 
Si 	 60. 6 cm 2 /g 	6. 44 cm 
2
/g 
2 	 2 
Cl 	106 cm /g 11.4 cm /g 
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Table 17. 	Calculation of overall mass absorption coefficients 
Si 5 C1 
12
Si6 Cl14 
Molecular weight, M 	 556.0 	 665.0 
Silicon mass fraction, g: 5 . 	 0.248 	 0. 253 
Chlorine mass fraction, 	 0.752 	 0.747 
Cu K(Z 	 94.7 cm2 /g 	112.5 cm2 /g 
Mo K W, 	 10.2 cm 2 /g 	10. 1 cm 2 /g 
The absorption effects with MoKa, radiation are about ten 
times less than those with CuK 	radiation. It therefore seemed 
desirable to use MoKc_ radiation to minimise the absorption, both 
by the crystals themselves and by the capillaries in which they were 
mounted. 
3. 3 	Approximate Cell Dimensions 
Preliminary oscillation photographs using Mo K 
radiation each showed a small area of spots in the centre of the film 
forming closely spaced layer lines. The photographs were 
symmetrical about the zero-layer line. Oscillation ranges at 900. 
to each other gave very similar patterns, suggesting either 
tetragonal or cubic symmetry. The layer line spacings were 
measured roughly using a steel rule and the cell dimension in the 
direction of the axis of oscillation calculated as 17. 0 ( 0. 5) A. 
C. 
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Using Zr-filtered Mo K. radiation a 30 hr zero-layer 
Weissenberg photograph was taken. Only a small range of spots 
on either side of the film centre line was visible. The two shortest 
reciprocal axes were equal in magnitude, showed the same pattern 
of intensities, and were at 900  to each other. Using a Weissenberg 
chart for film diameter 57. 3mm the 9 -values for these axial rows 
were read off and the reciprocal lattice translation calculated as 
0.084 (t .003) r.l.u. This was twice the value of 	X/17.0 = 
0.0418 r.l.u. and therefore there must have been an apparent 
halving in the real lattice, it being either body-centred or face-
centred if the space group wa s to be cubic. 
3.4 	Symmetry 
The symmetry of the zero layer of the reciprocal lattice 
agreed well with the crystal possessing cubic symmetry (Fig. 26). 
The oscillation photographs were suggestive of the reciprocal lattice 
being body-centred. To decide the matter some attempts to obtain 
a 1st layer Weissenberg photograph were made but all failed either 
because the crystal had shifted or because the layer line screens 
had proved too difficult to set properly. A space of not more than 
1mm between the screens was the acceptable limit. Also, the 
crystals tended to decompose in a matter of two to four days. 
As mounting fresh crystals was a tedious and time-
consuming operation it was decided to use a different approach. 
A body-centred reciprocal lattice was assumed and by graphical 
methods a theoretical construction of a 200  oscillation photograph 
FL* • 2c. 	Symmetry 0F the zero- Lay er o1 
the reciprocaL L&ttce 
bb 
was made, taking the X-ray beam as parallel to an axis in mid 
oscillation. 
The following table of values for the first six layer lines 
was calculated (Table 18); where 	was the 	-value of the 
n th layer, R - the radius of the film, Rn - the radius of the circle 
of reflection for the n th layer, and yn - the spacings of the n th 
layer line from the zero-layer line on the film. 
Table 18. 	Some calculations for layer lines 
' 	 (r.1.u..) R 	(') I.- RJ7 Y.t 
1 0.0418 1.20 0.9983 28. 62 1.20 
2 0.0836 2.40 0. 9930 28. 55 2.41 
3 0.0254 3. 59 0.9843 28. 43 3.62 
4 0.1672 4.79 0.9720 28.24 4.86 
5 0.2090 5.99 0.9563 28.02 6.13 
6 0.2508 7.19 0.9371 27.72 7.43 
Multiplying the dimensionless reciprocal lattice by the 
film radius, R = 28. 63, put the reciprocal lattice on the same scale 
as the photographs. This was a little on the small side and so a 
magnification of X5 was used. Circles of reflection were drawn 
on the same scale for the six layer lines on separate pieces of 
tracing paper. Each was placed in turn on top of the reciprocal 
lattice drawing and oscillated through 20 ° . Points were marked 
on the circle where it was cut by reciprocal lattice points (Fig. 27a). 
These points were projected radially on to a circle corresponding 
to the photographic film (Fig. 27b), thus giving the x-coordinates 
of possible reflections as arcs of the circumference. 
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known a construction of the resultant oscillation photograph was 
made on tracing paper. Another drawing of the actual photograph 
obtained was made for the same six layer lines and on the same 
scale of x5. The two drawings showed very good agreement. 
It was therefore concluded that the reciprocal lattice was 
body-centred. The real lattice was therefore face-centred cubic 
with a cell edge of 17.0 ( 0.5) A. 
3. 5 	Number of Molecules per Unit Cell 
Because of the chemical reactivity of the adduct and the 
tendency for the crystals to dissociate quite rapidly a direct measure-
ment of the density was not attempted. 
Since the real lattice was face-centred cubic the crystal 
symmetry had to belong to one of eleven space groups in the cubic 
system. The minimum possible number of molecules in the unit 
cell, Z, for each of these space groups, corresponded to the minimum 
possible number of equivalent positions. These are listed in 
Table 19. 
Table 19. 	Minimum Z for face-centred cubic space groups. 
Space group Fm3 Fd3 F432 F41 32 F43m F43c Fm3m Fm3c Fd3m Fd3c F2 
Minimum Z 4 	8 	4 	8 	4 	8 	4 	8 	8 	16 4 
There were therefore three possibilities to consider, 4, 8 and 
16, and since none of these space groups allowed equivalent positions 
other than these for Z <16 the number of molecules per unit cell 
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had to be one of those three. 
Densities were calculated for the formulae Si 5 Cl 12 . SiCl4 , 
-21 
m = 1.222 XlO 	g/molecule, and Si 6 Cl 14 . SiCl4 , 
m = 1. 387 Xl0' g/molecule, for a unit cell of 17. 0 A and taking 
Z = 4, 8 and 16 (Table 20). 
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It had been observed during the preparation of the crystals 
that they were denser than silicon tetrachloride, p = 1.48 g/cc, and 
also denser than hexachlorodisilane, p = 1. 58 g/cc. (40). For 
this to be so Z had to be greater than 4. Taking Z as 16 clearly 
produced overcrowding in a 17 A cubic cell, (352 atoms for 
Si 5 Cl 12 . SiCl4). The only reasonable conclusion was that Z 
equalled 8. This gave an acceptable density and allowed the 
possibility of a good packing arrangement in the unit cell. 
3. 6 	Solution of Formula 
With Z = 8 in a face-centred cubic space group considerable 
restrictions would have to be placed on the symmetry of the molecules. 
It was hard to see how sufficient symmetry could be got from 
Si 6 Cl 14 . SiCl4, whilst maintaining a chemically reasonable 
structure. However,quite high symmetry was possible from 
Si5Cl12. SiCl4  provided the dodecachioropentasijane molecule was 
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the neopentyl isomer (Fig. 28). On this basis it was possible to 
reduce the molecule to only three non-symmetry related silicon 
atoms and two non-symmetry related chlorine atoms. A unit cell 
would then contain 8 Si(l), 8 Si(3), 32 Si(2), 32 Cl(l), and 96 CI(Z) atoms. 
Work proceeded on the assumption the compound was the 
silicon tetrachloride adduct of the neopentyl isomer of dodecachioro-
pentasilane. 
3.7 	Space Group 
Consideration of possible space groups, was made solely on 
the basis of the zero-layer Weissenberg photograph and the 
restrictions of possible chemical structure. The hkO reflection 
conditions, h = Zn, k = Zn, restricted the space group to one of nine 
in the cubic system (Table 21). The reflection conditions allowed 
two body-centred space groups to be included. That these were 
eliminated in the consideration below is in keeping with the ea rlier 
finding of face-centred symmetry. The space groups Fd3, F4 1 32, 
Fd3m, and Fd3c were not considered as they had additional hkO 
restrictions which had not been observed. 
Table 21. Possible space groups and their equipoint multiplicities. 
a 	b 	c 	d 	e 	f 	g 	h 	i 	j 	k 	1 
F23 4 4 4 4 16 24 24 48 
Fm3 4 4 8 24 24 32 48 48 96 
1a3 8 8 16 24 48 
F432 4 4 8 24 24 32 48 48 48 96 
F3m 4 4 4 4 16 24 24 48 96 
F3c 8 8 24 2.4 32 48 48 96 
Fm3m 4 4 8 24 24 32 48 48 42 96 
Fm3c 8 8 24 24 48 48 64 96 96 192 
Ia3d 16 16 24 24 32 48 48 96 
96 192 
So-(2) CL (?-)3 
S. 5- CL, 2.  
CL3 s- 
S L (3) 
SL C 1 3 
S. CL 3 
ci(') 
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For a space group to be acceptable it had to accommodate 
8 Si(l), 8 Si(3), 32 Si(2), 32 Cl(l), and 96 C1(2) atoms (see Fig. 28 
for notation) in a chemically reasonable manner amongst its 
symmetry equipoints. 
Fm3c could not accommodate 32 Si(2) and 32 Cl(1) atoms and 
hence was eliminated. If the atoms Si(l) and Si(3) were to have 
tetrahedral bonding symmetry, then the atoms Cl(l) and Si(2) 
respectively if placed at xxx and 	could not be accompanied 
by like atoms at iE 	and 5 	' '. The following space groups 
were therefore eliminated:- Fm3, 1a3, F432, Fm3m, and Ia3d. 
The three space groups F23, F43m, and F3c now 
remained, and these are illustrated in Table 22 which lists the 
equipoints for each space group. The Wyckoff notation, the point 
symmetry, the first equivalent position, and the atoms to occupy 
the positions are given for each equipoint. 




a 	23 0,0,0 4-Si a 43m 0,0,0 4.Si a 23 0,0,0 	8 	S 
b 	23 -1j, -1 4 Si 'b 43m 1 	1 	1 4 Si 1 	1 12 	2 	2 2 3 
c 	23 111 4Si c 43m 111 4Si b 23 111 8Si 
d 	23 -1 , -1 , -1 4 Si d 43m - 4 Si - 4'4'4 4'4'4 
e 	3 x,x,x 16 Si e 3m x,x,x 16 Si e 3 x,x,x 32 Si 
x,x,x 16 Si x,x,x 16 Si x,x,f+x 
x,x,x 16 Cl x,x,x 16 Cl x,x,x 32 Cl 
x,x,x 16 Cl x,x,x 16 Cl x,x,--+x 
h 	1 x, y, z 48 Cl h m x, x, z 48 Cl h 1 x, y, z 96 Cl 
x, y, z 48 Cl x, x, z 48 Cl x,y, 
M. 
Assigning the first four Si(3) atoms to equipoint c in the space 
groups F23 or F43m required that the other four Si(3) atoms occupy 
equipoint d. The combinations c and a or c and b were excluded 
for steric reasons involving the rest of the molecule. The Si (1) 
atoms therefore had to occupy equipoints a and b. The three 
possibilities now assumed identity for the Si(l) and Si(3) atom 
positions. 
The space groups F23 and F43m further required two sets 
of independent Si 5 Cl 12 molecules to be present. This was possible 
though not very likely. By building three dimensional models of 
possible structures it was found that the space group F43c allowed 
the most satisfactory packing arrangement. Work proceeded on the 
assumption that the space group was F43c, although in two dimensions 
it was not necessary to distinguish since possible structures in all 
three space groups resulted in the same projection symmetry, 
plane group p4m. 
3.8 	Trial Structure 
Three-dimensional models of S1C1'4 and neopentyl Si 5 Cl 12 
were built assuming tetrahedral bond angles and bond lengths for 
0 	 0 
Si-Si of 2. 25 A and for Si -Cl of 2. 00 A. To minimise the non-
bonded chlorine-chlorine interactions it was likely that the 
trichlorosilyl groups in the Si 5 C1 12 molecule would adopt a skew 
conformation with respect to each other, a condition required by 
the symmetry of space group F43c. The molecules were placed 
in the unit cell with Si(1) on the origin and Si(3) at 	A 
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projection of the structure on (001) is shown in Fig. 29. - 
It had been observed, without measuring any intensities, 
that the reflections 200, 220, 600 and 660 were particularly strong. 
It was therefore expected that consideraHe scattering matter should 
lie in these planes in the unit cell. To check this structure-factor 
graphs (41) were drawn for these reflections. For a reflection to 
be strong the bulk of the scattering matter in the unit cell must 
scatter in phase in the required direction. In other words most 
atoms must lie on or close to either the positive regions in the 
structure factor graph and avoid the negative regions, or the other 
way about. 
In plane group p4m the general expression for the 
geometrical part of the structure factor is (42) 
f(x,y) = cos Z11k%..cos 2.irky -?- cos 2ii'kx. cos2-rrky 
For 200 the expression becomes 
f(x,y) = oos 4rrx + cos 4-try 
From the graph of this function (Fig. 30) it could be seen that most 
of the scattering matter was associated with the negative regions. 
Only the projections of the silicon tetrachloride molecules lay on 
the positive regions. 
For 220 the structure factor expression is 
f(x,y) = 2 	os 41ix. cos 4ir y 
Plotting this graph (Fig. 31) showed that the centres of both types 
of molecule in the crystal lay at the centres of positive regions. 
No scattering matter in the projection of the structure lay at the 
centres of negative regions, again confirming a strong reflection. 
=sI_ 	 O=cL 
9 Ps 9 00' 
'o 0, 
0'  
° "'o /\  
Od2O 
oxy'O 
a a 00 
QQ 
o"ooJ10 o<oLo 
N/ bo o'' 
00 /P\\\ 90 0. 
0 - / OO' - 
bo 0 































F113 - 	30. 	Structvre Factor 3ro-pi For 




-E1E,) IIIII 	•' 	 ii (...9-" - - - - - - - - 
OGDO 
ED 
S S I 'I 
F. 3!. Structure Factor 9 ra.pI-i. For 220 
kown ø.torn. posLtons Crt one oyo..dro.rtt 




_" ' 	 ,' 	 % 
-. - - 	- - - - -.-- - - 	-.------..- ' - - - 	- - - I 
F3. 	32.. Structure 	('actor 9 ro.pk For 	GOO 
skowtn3 	o..tory FosL.tLOn$ 	£.rL one. 	cya.drcLnt 
L, I WMA I LEM 
, v"s 
13 
I rem IS 11fols. 
F L 	33. Structure Factor 	3 rap For 	6 60 
howt.n3 atom posLtons one 	q,uQ.ctrant 
62 
For 600 the structure factor expression is 
f(x,y) = 	C -OS 1211'% 	1 	co.s IZiry 
The 600 structure factor graph showed that the projections of all 128 
chlorine atoms lay in negative regions and therefore scattered predom-
inantly in phase (Fig. 32). Only the fewer and lighter silicon atoms lay 
in the positive regions. 
The structure factor expression for 660 is 
f(x,y) = 2cos 12 i-rx. cos l2rry. 
The structure did not immediately give good agreement with the graph 
of this function (Fig. 33). However with a small shift in the position of 
the general chlorine atom, Cl(2), it was possible to have the entire 
scattering matter of the structure in projection associated with the 
positive regions. 
Hence the trial structure arrived at by arguments relating to 
symmetry and allowable chemical structure looked like being a plausible 
solution for the x-ray structural determination in two dimensions. 
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SECTION 4 	STRUCTURE IN TWO DIMENSIONS 
4.1 	Intensity Data 
The hk0 intensities were measured from a 30-hour exposure 
zero-layer Weissenberg photograph. Spots showed out to a sin  value 
only a little greater than 0. 25 using Mo Kc radiation. Only 16 indep-
endent reflections were observed, due to 
the small range of sin 9 
the absence of h odd and k odd reflections 
the equivalence of hk0, IkQ, Iik0, hk 0, kh0, kh0, kh0 and ichO 
reflections 
spots too weak to measure. 
As many spots as possible were measured by visual comparison 
with an intensity strip. The values obtained were averaged over the 
eight equivalent reflections. The sin0 values were obtained as - 
measured from a scale drawing of the reciporcal lattice, and the Lorentz 
,- 	1 	2 2O 
and polarisation factors applied, t' = + cos -	were obtained from a 
sin2O 
graph of this function plotted against sin 0 . No corrections were made 
for absorption. 
In addition to the 16 observed reflections, 4 non-observed reflections 
were included and assigned intensities of one third the minimum observable 
intensity. Details of the intensity data are shown in Table 23. 
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Table 23. Two dimensional intensity data. 
h k 1 lo sin e Fo2 ( 	
10010) 
0 2 0 26. 0 .042 26.00 100 
0 4 0 13.0 .083 11.90 109 
0 6 0 37.0 .125 7.85 471 
0 8 0 (4) .167 5.75 5 
0 10 0 4.75 .208 4.55 104 
0 12 0 9.5 .250 3.60 264 
2 2 0 40.0 .059 16.80 238 
2 4 0 28.0 .092 10.70 262 
2 6 0 (4) .132 7.40 4 
2 8 0 (-i) .171 5.65 5 
2 10 0 (4) .210 4. 50 6 
2 12 0 1.25 .253 3.55 35 
4 4 0 4.75 . 117 8.45 56 
4 6 0 1.75 . 	150 6.45 27 
4 8 0 2.25 .185 5.15 44 
6 6 0 30.0 . 175 5. 50 545 
6 8 0 6.0 .208 4.55 135 
6 10 0 2.75 .242 3.75 73 
6 12 0 2.0 .279 3.20 63 
8 0 4.5 .234 3.95 114 
4.2 Two Dimensional Patterson 
Using the Fo2 values for the hk0 reflections, and the space 
group Fmmm for computing purposes with a = b = c = 	17. 0 A, 
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various (001) projection Patterson functions were calculated for a 
range of overall temperature factors. Fig. 34 shows the map for 
the temperature factor sharpened Patterson with B = 3. 5. 
Sharpened or unsharpened, all of these maps showed peaks of poor 
resolution making detailed interpretation impossible. This was 
hardly surprising in view of the very limited intensity data. 
Nevertheless the major peak areas did correspond roughly with 
vectors in the trial structure but no precise detail could be 
elucidated. Work proceeded to the calculation of structure factors 
and Fourier analysis. 
4.3 	Fourier Input Data 
The projection unit cell had symmetry p4m, but for computing 
purposes it was considered as the lower symmetry pmm. The 
program used only allowed- for a centre of symmetry 
and origin translations. Therefore more than the asymmetric 
unit had to be considered. The basic unit used for computer 
calculation and other symmetry units are illustrated in Fig. 35. 
The mean atomic scattering factors, in electrons, from 
self-consistent or variational wave functions were used for silicon 
and chlorine (43). The scattering factors given for various values 
of sin O/) 	were recalculated for MoKL 	radiation, k = 0.7107 A, 
and plotted against sin 2 G (Fig. 36). Values of the scattering 
factors were read off from the graphs at intervals of 64ths of 
sin  e 	to be used for the f-curve input in the computer program. 
Because of symmetry some atoms required to be assigned f-curve 
values which were halved. 
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Table 24 	General atomic input information 





x 	y 	z 
Si(1) 2 
1 
2. Si 1 0 0 0 
Cl(1) 2 
Cl 
2 x 1 x1 0 
Cl(1) 2 f 
Cl 
2 x -x 0 
Si(3) 2 f. 1 
1 1 
4 0 
Si(2) 2 f 0 x x 0 
Si(2) 1 2 .f 
Si 
o x k-x o 
C1(2) 1 f 3.. 3 x2 y2 0 




3 Y2 z 2 0 
Cl(2) 11 1 '  f 
Cl, 




3 x2 z2 0 
C1(2)
IV  1 f f 3 z 2 y2 0 




3 y2 x2 0 
Vi 
1 ' 2. f 	V C 
3 x 
2 4-y2 0 




--z 2 0 








f 3 x 
2 7.
--z 2 0 
1 1 
2 C1 
3 z 2 f-y2 0 
C1(2) 1 1 2 'Ci 
3 y2 f-x2 0 
The basic information used for the calculation of structure 
factore is illustrated in general form in Table 24. 
4.4 	Fourier and Difference Fourier Refinement 
A trial and error procedure was adopted beginning with 
the trial structure arrived at in the preliminary work. Refinement 
was first carried out by making shifts in atom positions based on 
the peak positions in the Fo Fourier map from 
The twenty hkO reflections. The results were as follows:- 
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Trial (1) X,= 0.0650 Bs.(l) 	= 
3.5 R 	= 	0.377 
x = 0.1740 Bcl) 	= 
x2 = 0.2350 Bs.(3) 	= 
3.5 
y2 = 0. 1440 Bcz) = 
3.5  
= 	0.0760 Bcl(z) 	= 3.5 
Trial (2) x 	 = 0.0750 BSil) 5.0 R = 	0.339 
X 	= 0: 1750 Bci(l) 
X2 	= 0.2333 Bs.(3) 	= 5.0 
Y2 = 	0. 1333 BS, 	 = 5.0 
z 2 = 
	
0.0833 5.0 Bcl(z) 	= 
Trial (3) x 1 = 	0.0708 B5 i (' 1) 	= 5.0 R 	= 	0.237 
x = 	0. 1708 Bcl(l) 5.0 
= 	0.2333 B 5 . (3) = 	5.0 
yz 
= 	0. 1333 Bsi(z) = 	5.0 
= 	0.0833 BC - 	5.0 
1(2) 
The initial trial structure had therefore been reasonably 
good and after a few small shifts even better agreement was reached 
between the observed and the calculated structure amplitudes. 
Further refinement of atomic positions and isotropic temperature 
parameters was based on consideration of difference Fourier maps. 
The following results were obtained:- 
M. 
Trial (4) = 0.0688 
x = 0.1750 
X2  = 0.2333 
= 0. 1333 
















Trial (5) = 0.0679 
x = 0. 1736 
X?  = 0.2333 
Y2  = 0. 1333 
= 0.0833 
B 	= 6.0 
Si(1) 
B 	= 8.0 
ci( 1 ) 










R = 0.161 
Trial (6) 	
x1 	
= 	0.0679 B 
s(1) 
= 	6.0 	R 	= 	0.132 









= 	0. 1333 B8 . (2) = 	4.0 
Z? 	= 	0.0833 5.0 Bcl(z).= 
Refinement was stopped with R = 	{irI- ir.i 	I/iri= 	0.132. 
In view of the limited data, only 20 reflections for 10 variable 
parameters, a least squares refinement was not considered 
meaningful at this stage. The observed and calculated structure 
factors for the final projection structure are shown in Table 25 
and the corresponding Fo Fourier projection is illustrated in 
Fig. 37. 
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Table 25. Relative IFol and Fc values for projection structure. 
h 	k 1 IFol Fc h k 1 IFol Fc 
o 	2 0 25 -25 2 10 0 6 3 
o 	4 0 26 -35 2 12 0 15 -13 
0 	6 0 54 -60 4 4 0 19 -12 
o 	8 0 6 4 4 6 0 13 15 
0 	10 0 26 -28 4 8 0 17 15 
0 	12 0 41 41 6 6 0 59 66 
2 	2 0 39 39 6 8 0 29 -24 
2 	4 0 41 41 6 10 0 21 18 
2 	6 0 5 -9 6 12 0 20 16 
2 	8 0 6 -2 8 8 0 27 28 
4.5 	Discussion of Projection Structure 
The refined projection structure confirmed the trial structure 
which considered the crystal as containing two distinct molecules. 
It also confirmed the skew orientation of the trichlorosilyl groups 
with respect to each other. However it was still possible for two 
different structures in three dimensions to be chemically acceptable 
and give the same (001) projection. In one structure the Si(1)-Cl(1) 
bond points along the body diagonal of the unit cell directly towards 
the Si(3) - Si(2) bond allowing the possibility of adduct formation 
through Si(2) being pseudo-penta co-ordinate (Fig. 38a). In the 
other structure the Si(l) - Cl(l) bond points directly away from the 
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Returning to the projection structure, it was noted that the 
isotropic temperature parameters for the silicon and chlorine atoms 
of the silicon tetrachloride molecule were quite high. This could 
have been due to their greater freedom of movement and perhaps 
also to the fact that the crystals tended to lose silicon tetrachloride. 
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SECTION 5 	STRUCTURE IN THREE DIMENSIONS 
5.1 	Accurate Cell Dimensions 
Since the Weissenberg information was limited to the very 
narrow range of sin e = 0 to 0. Z5 it was discounted for the purpose 
of finding accurate cell dimensions. Oscillation photographs however 
showed up to 14 layer lines present, and since the sizes of the spots 
were extremely small it was fairly simple to measure the spacings 
of the layer lines to an accuracy of about 0.05mm. 
Three photographs from different crystals, each oscillating 
about the a-axis, were used for layer line measurements on a device 
with a moveable fine line which could be adjusted to centre on a 
spot by sliding normal to a scale in mm. Also on the scale was a 
vernier which gave a resultant reading to the nearest 0. 05mm. 
The maximum error from the precision limits of the measuring 
instrument for the difference between two readings was therefore 
0. 0 5mm. and all inter layer line spacings measurements were 
assigned this error range. 
The positions of the lower, zero, and upper layer lines 
were all measured and the following calculated:- 
y, the spacings from the nth lower layer line to the zero layer 
line, 
the spacings from the nth upper layer line to the zero layer 
line, 
,t 
y - y , the difference between these two values which is 
,I 	-n 	n 
only zero for a correctly set crystal 
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y + y 	the spacing from the lower to the corresponding upper 
layer line 
t , the axial translation as calculated from the value of y + y 
An example of such results is shown in Table 26. 
Table 26. Tilt investigation data (distances in mm unless stated). 
n lower upper 
-n Y. 'n + y 
t (A) 
n n 
4 76. 05 85.65 4.80 4.80 .00 9.6o 17.292 
5 74.85 86.90 6.05 6.00 .05 12.05 17.354 
6 73.60 88.20 7.35 7.25 .10 14.60 17.355 
7 72. 30 89.50 8.65 8.55 .10 17. 20 17. 387 
8 70.90 90.90 10.05 9.95 . 10 20.00 17.334 
9 69.50 92.40 11.55 11.35 .20 22.90 17.313 
10 68.00 93.90 13.05 12. 85 .20 25. 90 17.330 
12 64,80 97.35 16.50 16.05 .45 32.55 17.335 
14 61.00 101.35 20.50 19.85 .65 40.35 17.342 
0 	80.85 
From the Ly. = y - y values it was possible to determine 
the crystal tilt empirically. Taking a cell translation of 17. 3 A, 
the values of 	
= 	- 	
for a theoretical crystal of this cell 
dimension were calculated for a range of known tilts. The results 
of Ay,, p1otted against n for the higher layer lines are shown in Fig. 39. 
Plotting the actual L1y, values of Table 2.6 showed that the crystal 
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The effects of a Z tilt on the apparent cell translation for 
the theoretical crystal are shown in Fig. 40. The apparent cell 
translation is lowered in value and the error increases for higher 
order layer lines. The tilt of 20  was considered to be just 
significant and an empirical correction was applied to the cell 
translation values. The tilts of the other crystals used were 
insignificant. 
Measurements were also made on an oscillation photograph 
showing 25 layer lines, but the axis of oscillation was unknown. 
The cell translation turned out to be about 32. 4 A. By investigating 
the geometry of a 3 dimensional model of a face-centred cubic 
lattice the translation was found to correspond with an axis lying 
in the 111 plane and related to the a-axis as 	a (Fig.41). 
All translation values from this photograph were subsequently 
divided by 	and tabulated as a-values. 
All the values obtained for 'a' were tabulated, and each 
given a weight which was inversely proportional to the range of 
error for that value (Table 27). The weighted mean was calculated 
as 17. 344 A and the statistical standard deviation was found to be 
= 0.025 A. The results are also shown graphically in Fig. 42. 
All of the cell dimension values for n > 7 can be seen to lie 
within 1.5 o of the mean value and hence an accuracy of about 0. 2% 
has been achieved. 
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Table 27. Cell translation values in A and their relative weights. 
Direct from a-axis oscillation t/ 
n. x weight rX. weight 
4 17. 380 17.303 17. 292 0.24 8 17.305 0.26 
5 17.285 17.365 17.354 0.30 
9 17.318 O.29 
10 17.383 0.33 
6 17.355 17.367 17.355 0.38 
11 17.343 0.37 
7 17.341 17.399 17.387 0.46 12 17.284 .0.40 
13 17.353 0.45 
8 17.372 17.346 17.372 0.54 14 17.307 0.25 
9 17.313 17.325 17.379 0.64 
.15 17.295 0.55 
16 17.346 0.60 
10 17.358 17.342 17.358 0.75 17 17.350 0.32 
18 17.320 0.70 
11 17.313 - 17.337 0.88 
19 17.378 0.38 
12 17.335 17.349 17.355 1.00 20 17.328 0.42 
21 17.361 0.91 
13 17.329 - - 1.00 
22 17.376 1.00 






Weighted mean 	= 17.344A 25 17.325 0.66 
Standard deviation = 
0 
0. 025 A 
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5.2 	Three-Dimensional Intensity Data 
Due to the difficulties of obtaining upper layer Weissenberg 
photographs and also of obtaining reasonable photographs at all, 
it was decided to go back to a pair of 20 ° oscillation photographs 
about the a-axis (but called c for indexing purposes). These 
photographs had originally been intended only as setting checks 
prior to taking Weissenberg photographs. 
The two oscillation photographs were indexed by drawing 
scaled up versions of the actual photographs and comparing with 
a graphically reconstructed photograph by the method described 
earlier (Section 3.4). The process of indexing showed hhl present 
for 1 = 2n, h = Zn only, thus settling the space group as F 43c. 
As many intensities as possible were carefully measured 
by visual comparison with an intensity strip, and then corrected 
for Lorentz and polarisation effects by using a card program with 
a Wang electronic calculator. The output from the program was 
IF.I. Because of the large number of equivalences among the 
reflections for this space group, a list of equivalent JFoI values 
was obtained for each unique index set and the average IFol value 
calculated. 
Using the average IFo I values for reflections common to 
the two oscillation photographs the two sets of data were scaled 
together by plotting the intensities of one against the intensities of the 
other to determine the scale factor. Since I = k 
I, 
 k is the slope 
of the best straight line through the points plotted and passing through 
the origin. 
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The same method was employed to put the I Fo I values for 
the hk0 zero-layer Weissenberg on the same scale. 
All of the IFol values, now on the same scale, were listed 
for each unique index set, (see Appendix 3). Each JFoI was 
assigned a rough weight according to the value of the original 
intensity from which it had come (Table 28). 
Table 28. Rough weights applied to IFo I. 
Intensity range 	1-3 	- 4-12 
	
13-20 	31-36 	37+ 
Weight assigned 1 	2 
	
3 	2 	1 
The weighted mean IFol, and its corresponding statistical 
standard deviation, if there were five or more values, was calculated 
for each unique index set. Where there were insufficient values for 
a statistical standard deviation, assigned values were given. In 
this way IFoI  values were obtained for 67 unique reflections. 
5. 3 	Crystal Data Summary 
S16 C116, M. W. = 735. 8, Cubic, a = 17. 344A, V 5217. 3 A, 3 
Z = 8, Dc = 1. 87, F(000) = 2848, F43c, MoKc, radiation, r=  19.2cm1. 
5.4 	Refinement of Structure 
(i) 	Isotropic refinement, Cl (1) on x 1 , x1, x1. 
Using the parameters obtained from the two dimensional 
projection refinement three cycles of full matrix least squares 
refinement was carried out for the 67 reflections of the three dimen-
sional IFoI data. The residual R changed as follows:- 
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AFter: Q cycles R = 0. 191 R(001) 	0. 156 
icycle : R 	= 0.147 
Zcycles R = 0.131 
3 cycles R = 0. 132 	 R( 001 ) = 0. 122 
It was noticed that the hk0 reflections showed better agree-
ment between the observed and calculated structure factors than did 
the general reflections. Further, although the refinement improved 
the overall 3 dimensional agreement the structure required to do 
this became progressively less reasonable, the Cl (1) isotropic 
temperature factor rising to B = 25. 9. This suggested that Cl (1) 
had been wrongly placed, and must therefore lie at the alternative 
position of x 1 , x, x. This position leaves the (001) projection 
unchanged but alters the three dimensional arrangement. 
(ii) 	Isotropic refinement, Cl (1) on x, x 1 , x 1 . 
The same initial parameters were again used but with the 
sign changed for the Cl (1) positional parameter. This produced an 
immediate improvement in the R-factor which continued to improve 
on refining. 
AFter; 0 cycles 	R = 0. 137 
1 cycle 	R = 0. 082 
2 cycles 	R = 0.081 
3 cycles 	R = 0.081 
At this stage comparison was made of isotropic temperature 
factors, between Si (1) and Si (3) which are both on fixed positions, 
and between Cl (1) and Cl (2): 
Bsj(l) = 4. 1 
	
BSI(3) = 2.1 
BC1(1) = 11.4 
	
Bcl(z) = 5.3 
This suggested that the silicon tetrachloride molecule as a 
whole had a temperature factor about double what might have been 
expected. Either this was simply due to the small molecule being 
thermally twice as active or possibly it was due to random absence 
of some of these molecules. 
(iii) 	Isotropic refinement, Cl (1) and Si (1) atom multipliers varying 
If random absence of silicon tetrachloride molecules were 
occurring then allowing the atom multipliers to vary should allow the tem-
perature factorsto come backdown.Such an effect did result withSi (1) 
but not for Cl(1) which in fact gave slightly the opposite effect. The 
improvement in the R-factor was only slight: 
A1ter 0 cycles 	 R = O0810 
1 cycle 	 R = Q0762 
2 cycles 	 R = Q0756 
3 cycles 	 R = Q0756 
It was therefore concluded that there was not any significant random 
absence of silicon tetrachloride. 
(iv) 	Anisotropic refinement 
On allowing the anisotropic temperature factors to vary there 
was further improvement in the R-factor: 
Acter; 0 cycles 	 R = 0.0810 
1 cycle 	 R = 0.0540 
2 cycles 	 R = Q0445 
3 cycles 	 R = 0.0437 
This would be due in part to the decrease in the ratic of reflections 
to parameters varied - 6. 1 to 1 for isotropic refinement to 3.7 to 1 
for anisotropic refinement. However the anisotropic refinement 
showed quite clearly that the chlorine atoms especially were vibrating 
in a librational manner and therefore refinement beyond the isotropic 
stage was justified. 
5.5 	The Refined Structure 
After anisotropic refinement by the method of full matrix 
least squares the atomic positional parameters were as shown in 
Table 29 and the anisotropic thermal parameters were those described 
in Table 30. A list of observed and calculated structure factors with 
calculated phase angles is given in Appendix: 4. 
Table 29 	Fractional atomic co-ordinates with standard deviations. 
x y 
Si(l) 0.00000 0.00000 0.00000 
 0. 17237(27) 0. 17237(27) 0. 17237(27) 
 0.25000 0.25000 0.25000 
cl(l) -0.06509(38) -0. 06509(38) -0. 06509(38) 
CI(Z) 0. 23228(28) 0. 13447(34) 0. 08188(35) 
Table 30. 	Anisotropic thermal parameters (x iO) with standard 
deviations as used in exp 	;13 . . 4k/3-,,+L/&,42kkj3,,42~[/3 -t2kooj 
'lii 3 	lZ /13 	23 
Si(l) 304(38) 	304(38) 304(38) 	0 0 	0 
 281(18) 	281(18) 281(18) 	- 	 48(21) - 	 48(21) 	- 48(21) 
 173(30) 	173(30) 173(30) 	0 0 	0 
c1(l) 984(50) 	984(50) 984(50) 	-362(40) - 362(40) 	-362(40) 
C].(2) 523(34) 	493(26) 368(27) 	65(28) 100(26) 	111(28) 
Wo 
The corresponding bond lengths and angles are shown in 
Table 31. The derivations of the formulae used in calculating the 
standard deviations in bond lengths are given in Appendix 5. The 
bond angles were calculated by triangulation and have been assigned 
standard deviations of 0. 5 0 . 
Table 31 	Bond lengths and angles (and their standard deviations) 
Si(l) - Cl(l) 	1.955 (.olz)A CI(Z) - Si(?) - CI(Z) 	108.8°(.5°) 
Si(2) - Cl(2) 	1.994 (.007) A 	Cl(2) - Si(2) - Si(3) 	110. lO(. 50) 
Si(2) - Si(3) 	2.332 (.009)A 
5.6 	Thermal Libration correction 
Comparison with other determinations of the Si-Cl bond length 
(Table 35) showed the determined value Si(1) - Cl(1) = 1.955 A was 
clearly on the short side. This was taken to be due to the time 
average effect which occurs with the X-ray method. For a terminal 
atom vibrating in an angular fashion the centre of mass of the time 
average electron density distribution is moved towards the point 
about which the bond pivots. Since the measured X-ray intensities 
are determined by the time average structure the resultant bond 
length appears shortened. 
In the case of the silicon tetrachloride molecule this effect 
could be achieved by the molecule as a whole having a rotational 
vibration. Since the shortening appeared greatest-fox--this molecule 
it was consistent that it also possessed the highest thermal parameters. 
Applying corrections for thermal libration (Appendix 6) by, 
the method of Busing and Levy (44) the following bond lengths were 
obtained: 
Si(l) - Cl(l) 	 2. 036 (.012) A 
Si(2) - cl(2) 	 2.012 (.007) A 
Si(2) - Si(3) 	 2. 342 (.009) A 
These bond lengths are also shown in Fig 43. The standard 
deviations in parentheses are those obtained for the observed bond 
lengths. Some non-bonded interatomic distances were also calculated. 
These are shown in Table 33 and have had no correction applied for 
libration. 
Table 33. Some non-bonded interatomic distances (A) 
Intramolecular 
Intermolecular 
Si (3) . . . 	C1(2) 	 3. 55 
Cl(2) . . . 	C1(2) ' 	3. 24 
Si (Z) 	... cl(1) 1 	4.89 
C1(2) 	... Cl(1) 1 	4.04 
Cl(2) 	... Cl(l)A 	4.52 
Cl(2) ... 'Cl(l) 1 	5. 30 
5.7 	Discussion of Structure 
The bond lengths, after correction for thermal libration, 
are in good agreement with other, determinations of Si-Si and 
Si-Cl bonds. To date only a few of these determinations have 
been by X-ray crystallographic work. A list of some of these 
lengths is shown for comparison in Tables 34 and 35. 
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Table 34. Some Si-Si bond lengths (A) 
Compound 	
Bond
Method 	 Reference 
Length 









2 Z. 30 
H 3 ) 3Si] 4C 6H 5 Si 3 (CH 3 ) 7 
 
Z. 335(. 007) 
Z. 361(. 008) 
H 3 ) 8 Si40 2 2. 35 
i 2 Cl 6 2 . 34t0.06 
2.24 t 0.06 
2.32 	0.06 
121i6 2.32 t0.03 
i 2  (CH 3)6 Z. 34 
i 5 Cl 12 . Si C1  Z. 342(. 009) 
x.r.c. (45) Straumanis,Aka (1952) 
x.r.c. 	(46) Brauer, Mitius (1942) 
x. r. c. (47) Zachariasen (1949) 
x.r.c. (47) U 
x.r.c. (47) 'I  
x.r.c. (47) 
x.r.c. (47) 
x.r.c. (47) U 
x.r.c. (47) 1 
x. r. c. (Z Z) Beineke, Martin (19 69) 
x. r. c. Takano, et al (1963) 
e. d. Iwasaki, et al (1948) 
e. d. Swick,Karle (1955) 
e. d. Brockway, Beach(1938) 
e. d. (51) 
e. d. (52)Brockway, Davidson(1941) 
x. r. c. (53) D.K. Fleming (1972) 
x. r. c. = X-ray crystallography 	e. d. = electron diffraction 
x. r. g. = X-ray diffraction of gas 	m. w. = microwave 
x. r. 1. = X-ray diffraction of liquid 
	
i.r. = infrared 
2. 035(. 003) 
2. 028(. 003) 

















Table 35. Some Si-Cl bond lengths (A) 
Compound 	
Bond 	
Method 	 Reference Length 
:14 . 2 P(CH) 2 	 2.20(.01) 	x. r. c. (28) Blayden, Webster (1970) 
2.30(.0l) 
















x. r. c. 	(54) Robinson, Ibers (1967) 
2.012(.001) 	e. d. 
2.021 0.002 m. w. 
(55) Pauling, Brockway(1935) 
(56)Klochkov, Skryshevskii(1964) 
(57) Rutledge, Clayton (1970) 
(49) Iwasaki et al. (1948) 
(58) Morino, Murata (19 65) 
(51) Brockway,Beach(1938) 
Iwasaki et al (1948) 
Swick, Karle (1955) 
(59) Yamasaki, et al (1950) 
(60) Livingston, Brockway(1944) 
(61)Hemptinne,Wouters (1937) 
(62) Brockway, Coop (1938) 
(63) Wilkins, Sutton (1954) 
(63) 	 ft 
(64) lida, et al (1952) 
(51) Brockway, Beach(1938) 
(65) Mitzlaff, et al (1967) 
(66) Mockler, et al (1953) 




Method 	 Reference 
H 3 ) 3 Si Cl 	 2.03 	 M. W. 	(66) Mockler, et al (1953) 
2.09 0.03 	e.d. 	(67)Livingston,Brockway(1946) 
Cl F3 
	
2.03 0.03 	e. d. 	(60)Livingston, Brockway(1944) 
1.989 0. 01 8 m. w. 	(68) Sheridan, Gordy (1951) 
Si Cl 3 
	
2.01 0.02 	e. d. 	(60) Livingston, Brockway(1944) 
2.021 	 M. W. 	(66) Mockler, et al (1953) 
H 3 Cl 	 2.06 0.05 	e. d. 	(62) Brockway, Coop (1938) 
2.048 	0.001 1. r. 	(69) Monfils (1953) 
Z. 04790. 0007 i.r.& 
M. W. (70) Bak, et al 
5
Cl 12 .SiC14 	 2.036(.012) 	x.r.c. 	(53) D. K. Fleming (1972) 
2.012(.007) 
The silicon tetrachloride molecules and the dode cachioropentasilane 
molecules lie on special positions which have point group symmetry 23. 
The silicon tetrachloride molecules themselves possess the higher 
symmetry 43m, but the configuration of the surrounding 
dode cachioropentasilane molecules reduces the overall symmetry. 
Although it is possible for the dodecachloropentasilane molecule to 
adopt the symmetry 43m in which each chlorine atom is trans to the 
opposite trichlorosilyl group, in fact the molecule in the crystal adopts 
a skew conformation in which each trichlorosilyl group has been 
rotated through 20 ° with respect to the trans conformation (Fig. 44). 
CL 
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Because of the symmetry the bond angles at Si(1) and Si(3) 
are tetrahedral. In addition the angles at Si (2) are not significantly 
different from tetrahedral. 
The overall structure shows that the compound is not 
bridged, nor is there any indication of bonding between the molecules. 
The closest contact between the silicon tetrachloride and the 
dodecachioropentasilane is 4. 04 A. The crystal structure must 
therefore be the result of Van der Waals interactions and stacking 
effects. 
In the solid crystalline state the 1 : 1 ratio of molecules is 
simply due to the overall 1 : 1 packing arrangement in the crystal 
lattice. The bridged structure suggestion (Fig. 20) of Nuss and Urry 
(27) was based on the infra-red spectra of a solution of the molecules 
in silicon tetrachloride and on the heats of dissociation of adducts. 
It may possibly be that the solution structure is different in arrange-
ment from that of the solid state. 
SECTION 6 	MECHANISM OF FORMATION 
6. 1 	Introduction 
Mechanisms for the formation of dodecachioropentasilane, 
Sj 5 C1, and tetradecachiorohexasilane, Si 6 C1 14' have been 
suggested by Urry (26). His mechanism for the formation of Si 6 Cl 14 
was as follows:- 
C1 
I 	SiC1 3 	 SiC1 3 
Me N - Si Cl - Si Cl 	 Me N - SiC1 - Si - Cl + SiC1 3 	k ._. 	_SiC1 	 3 	 4 
Cl 	 Si C1 
SiC13 	
SiC1 	 SiC1 I c 3 
Me 3N—SiC1 —Si—Cl 
•f.. 	 Me N—SiCl —Si—Cl + SiC14 I 	SiC13 SiC13 
Cl 
SiC1 
3 	 Si Cl 
	
I ç—SiCl3 	 - I 
Me N—SiC1 —Si—Cl Me N
- 
 SiC1 Si—SiC1 + SiCl4 
L--->SiC1 	 3 	I 
SiC1 3 	3 SiC1 3 
C135j Cl 
ç—SiCl 3 
Me 3N—SiC1 —Si—Si—Cl 
•1• 
SiCl3 
Cl 3Si Cl 
C1 Si Cl 
3 i 	i 
. 	Cl 3Si - Si 	- Si - SiC1 3 + SiC14 
I I 
Cl Si 	Cl 	+ Me 3N 
The above mechanism is perhaps too simple. Presumably the 
trimethylamine has an activating effect since it is necessary for the 
reaction to proceed. However it is not too clear why the effect should 
be at the second silicon from the group rather than the nearest and in 
the final step the active site is even further removed from the methylamine. 
Also the mechanism shows the methylamine as being in a combined 
state at a fixed site throughout the entire sequence. A more likely 
state of affairs for an intermediate complex is some kind of dynamic 
equilibrium. 
It is possible to propose another, more complex, mechanism 
which fits the facts. Firstly the main assumptions for the proposed 
mechanism are stated. The mechanism itself is then outlined 
followed by some expected consequences. These are compared with 
experimental fact, and finally some supportive evidence for the 
assumptions made is quoted. 
6. 2 	Assumptions in Proposed Mechanism 
The following basic assumptions were made:- 
(i) 	That trimethylamine does not form stable complexes with 
Si 
n • 
ClZn+2 and is therefore not removed in adduct form 
from the reaction but remains as a catalyst. 
That trimethylamine more readily forms intermediate 
transition adducts only with silicon atoms attached to electron 
withdrawing SiC1 3 groups. 
That such transition adducts can readily lose the SiC1 3 anion. 
That the SiC1 ; anion performs nucleophilic attack only on 
silicon atoms attached to electron withdrawing SiC1 3 groups. 
6.3 	Proposed Mechanism 





4 Si2 C1 6 	> Si5 C1 12 + 3 SiC1 
can be proposed as follows:- 
Cl Cl 
+ 
Me 	+ SiC13—SiCI 	MeN —Si —SiC1 	MeN —SiC13 + SICI3 	 k 3 3 3 1 
dcl 
- 
CI3Si + SiC13—SiC13 	ci3 	
3 	2 
Si ....Si....Cli .- Cl Si—SiCI —SiC1 3 




+ 	 \/ 
Cl + C13S1 - N Me  -4 Cl —Si - N Me  —3 SiCl + Me3N 
Cl 
dcl 
\/ 	 + 
Me 3N + SiClj— SiC12— SiCI3 ~ Me3N - i— SiC13 	Me3N— SiCl2— SiC13 + SiC13 
SiC13 
F 	Cl SiC1 1 











Cl Si. ...Si. . 3 . ciI 
4 C13S1—SiC1—SiC1 + Cl 	 k 
5 I 
L S1C13 	j 
Cl S1C1 
- 	 + 	 3 




3 	 3 	 + 
Cl SiC1 SiCI 
\/ 	i3 	- 
Me  + SiCI3— SiC1 - SiCI3 	Me3N - Si - SiC13 	MeN - SiCI + SiCI 	 k7 
SiC13 	 Si Cl3 
SiC1 	 F 	Cl Si  
- 	













SiCl3 j SiC13 
SiC1 	 r Cl SiC13 	1 
3+ 
Cl + Cl - Si —N Me 'JCl - Si - N Me 	Cl Si - SiC1 - SiC1 + Me N 	 k 
3 	2 	3 	3 9 
SiC13 	 L 	SiC13 	] 
6. 4 	Consequences of Proposed Mechanism 
As a result of the above mechanism the following might be 
expected: - 
If electron withdrawal at the site of nucleophilic attack is 
the rate determining factor for these reactions then it 
would be expected that 
k7 > k4 >k 1 , and k8 > k5> k 
2 
and k 9 > k 6> k 3 
where k. (i = 1. . . . , 9) are the rate constants for each 
of the reactions proceeding to the right. 
Steric hindrance may however cancel out this effect for the 
later part of the sequence. A reasonable outcome might be 
> 
k8 -"k 5 > k 2 
k9 —k 6 > k 
There will be few or no side reactions from the main 
sequence. 
Intermediate products in the sequence are unlikely to be 
present in the final products. 
There should be a tendency for the reaction sequence to 
stop at Si 
n 2n+2 
Cl 	when n 5. Further, the product 
formed will be entirely the neopentyl isomer. 
6.5 	Results Found in Practice 
(i) 	The reaction using Si 3 Cl 8 as starting material proceeds 
much faster than when SiCl6  is used. Also, the Si 2 Cl 6 
produced in the Si 3 C1 8 disproportionation tends not to react 
until after all the Si 3 Cl 8 has been used up (34). 
The reactions do proceed quantitatively (34). 
The product is pure S1 5 C1 12 (34). 
The Si 5 C1 12 is in the neopentyl form (This work). 
All of these experimental facts are in keeping with the 
proposed mechanism. 
6.6 	Some Supportive Evidence 
The proposed mechanism requires a pentacoordinate silicon 
with nitrogen as one of the ligand atoms. Such species do exist 
and have been found in the crystalline state where the amine has 
formed part of a cage system (71), (72), (73), (74). These are 
illustrated in Fig. 45. Although the Si - N bond lengths are longer 
than the normal stable Si - N distance the cage nature of the 
compound presumably stabilises the nitrogen atom in its position. 
Beattie and Ozin (75) have suggested that it is steric 
hindrance that prevents the nitrogen of trimethylamine from coming 
close enough to form a good stable bond with silicon tetrachloride. 
This contrasts with trirnethylphosphine which forms a 1 : 2 adduct 
with silicon tetrachloride (28). Stability is achieved in the latter 
case since the normal P - Si bond is long enough to avoid steric 
hindrance effects. The great instability of SiCl 4 . (CH 3 ) 3N had 
earlier been noted by Burg (76). Thus the silicon tetrachloride 
formed in the reaction for producing dodecachloropentasilane, Si 5 C1 12 , 
does not complex with trimethylamine, leaving the trimethylamine 
free to act as a catalyst. 
	
CH. 	CH 	 R 	 SL-N - z. 19 A 






SL-N = 2.12 A 









I o 	CH 
CH 	 o Me 
45. 	Examples OF peri.ta.coorcLn&te s.Iicon. 
t,onctecL to ntroer. 
91 
The proposed mechanism also invokes the S1C1 3 anion. 
Such anions have been proposed before as reaction intermediates 
(77), (78), (79), (80). Some evidence for the existance of the 
SiCl 3anion has also been described by Benkeser et al (81). From 
the lack of a detectable Si - H signal in the n. m. r. of trichiorosilane 
and tri-n-propylamine in acetonitrile they concluded that the 
solution existed as an equilibrium mixture involving a predominance 
of the species SiC1 3 . 
+ 
n - Pr 3N + H SiC1 3 	n- Pr  NH + SiC1 3 
6.7 	Conclusion 
Clearly the suggestions made above are only speculative 
and as such warrant further investigation. 
PART III 
ON THE USE OF 
THE WANG ELECTRONIC CALCULATOR 
IN X-RAY CRYSTALLOGRAPHY 
SECTION 1 	WANG ELECTRONIC CALCULATOR 
1.1 	Introduction 
Operated manually the Wang calculator acts like a normal 
calculator which will add, subtract, multiply, and divide. It can 
also perform a few slightly more complex functions such as:-
square, square root, exponential, and natural logarithm. It is, 
however, the facility to store numbers coupled with the use of a 
program card reader which makes the machine so useful. It is in 
effect a simple computer which for small calculations of a repetitive 
nature gives a faster and cheaper turn round than a large communal 
computer to which one does not have direct on line access. 
Each operation has a code number which can be punched on a 
card. The card is inserted in a card reader which transmits the 
operations for rapid execution on pressing a start button. If the 
same calculation, i. e. sequence of operations, using different data, 
is to be performed many times it is quicker and easier to punch a 
program card than to operate manually. This method is also less 
likely to allow errors as the same error in all calculations is more 
likely to be noticed than a single error in an individual calculation. 
Unlike some calculators the Wang electronic calculator always has 
the decimal point in the correct position. 
1.2 	Operations 
A diagrammatic representation of the calculator is shown in 
Fig. 46 to help with visualising the operations. The display screen 











FL. 46. 	DL.9r&n-tmotLc represe4tatLon of 
the. 	Wn 	ca.tcuLa..tor.  
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shows ten digits but operations are carried out to fourteen digits. 
The numbers displayed appear truncated at the tenth place except 
after multiplication and division when rounding off occurs at the 
tenth place. 
A list of possible operations and their effects is given in 
Table 36. 
Table 36. 	Operations on the Wang calculator. 
Operation Abreviation Code 	 Effect 
Add 	 +AL 	56 
+AR 	52 
Subtract 	- AL 	57 
-AR 	53 
Multiply 	Enter 	41 
x= 	46 
Divide 	 47 
Number displayed added to number 
in Adder Left. 
Result in Adder Left and on Display. 
Number displayed added to number 
in Adder RI ght. 
Result in Adder Right and on Display. 
Number displayed subtracted from 
number in Adder Left. 
Result in Adder Left and on Display. 
Number displayed subtracted from 
number in Adder Right. 
Result in Adder Right and on Display. 
Number displayed multiplied by 
number in Enter. 
Result in Enter only. Display 
shows zeros. 
Number displayed multiplied by 
number in Enter. 
Result on Display only. Unity in 
Enter. 
Number in Enter divided by number 
displayed. 
Result on Display only. 
Table 36 (continued) 
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Square 	- 
Root Jx 	44 
Exponential 	e 	43 
Logarithm 	Log.X 	42 
Change Sign Ch. Sign 	77 
Recalling 	e. g. 
Re 	14 
Effect 
Number displayed squared times 
number in Enter. 
Result on Display only. 
Square root of modules of number 
displayed times number in Enter. 
Result on Display only and is 
always positive. 
Exponential of number displayed 
times number in Enter. 
Result on Display only. 
Logarithm of the product of the 
number displayed and the number 
in Enter. Result on Display only. 
Changes the sign of the number 
on Display. 
Leaves Display blank. 
Sets number in Adder Right to zero. 
Sets number in Adder Left to zero. 
Puts number displayed in Store 0 
by overwriting the previous contert. 
Number also remains on Display. 
Recalls number in Store 0 to the 
Display. 
Number also remains in Store 0. 
Operation Abreviation Code 
Square 	 X2 	45 
Clear Display Cl. Disp. 	76 
Clear Adder CLAR 	50 
CLAL 	55 
Storing 	e. g. 
Store 0 	10 
1.3 	Storing 
Ideally one wishes to key in the bare minimum of data 
when using a card program and then simply to press the start button. 
Information for later parts of a calculation must therefore be stored 
in advance. During the calculation various numbers may require 
to be kept for use at a later stage. Again storage is needed. By 
careful use of Adders and Enter it is possible to add three more 'storing' 
places in addition to the four stores proper. 
Among the uses of these "stores" are the following:- 
Stores 0, 1, 2, 3: 
(i) 	For storing numbers during a calculation for later use. 
For storing constants common to a set of calculations. 
For keying in data all at once rather than at stages 
throughout a calculation. 
Adders AL, AR: 
For storing a number which is going to be added to or 
subtracted from later 
Simply for storing if the normal stores are not available. 
Enter 
(i) 	For keeping a number which is later going to be multiplied 
by another number or function of another number. 
Simply for storing if the normal stores are not available. 
1.4 	Order of Operations 
The order in which operations are carried out can affect 
the number of steps taken. The most efficient route is clearly 
the shortest. Although executed rapidly the number of steps can 
be critical when trying to fit a complete program into 80 steps. 
i. e. one card. 
97 
The operations 	, 	, Jx, and ex all save steps 
if carried out last in a sequence of multiplication. 
.1 




On the other hand Loge X should be executed first as 
any number other than unity in Enter affects the result. 
e. g. 	a Loge b 	1. Key b 
 Loge X 
 Enter 
 Key  
 X = 
Advantage can be taken of this apparent difficulty. 
e. g. 	a 	Loge (bc) 	1. Key  c. f. 	1. Key  
2. Enter- Z. Enter 
3. Key  3. Key  
4. Log,, X 4. X= 
5. Enter 5. Loge X 
6. Key  6. Enter 
7. X= 7. Key  
8. X= 
The natural thought process of step 4 in the second version 
is redundant since the operation Loge X also accomplishes that step. 
Rearranging formulae can also considerably reduce 
operations both in the number of steps in the program and also in the 
keying in of data. 
e. g. 	a 3 + a2 (b + d) + a b d 
By rearranging as a (a + b) (a + d) each quantity need only 


















There are two types of instruction which are peculiar to 
automatic card operation 	Stop and Go To 
Stop : 	The calculator carries on executing instructions until it 
encounters Stop, code 1. It does not automatically stop 
at the end of a card but returns to the beginning unless 
otherwise programmed. 
To start the program the operator presses the Start button. 
The calculator always commences execution at the. first step, 
step 00. If however there is further calculation after the Stop the 
operator can press a Continue button which causes execution to carry 
on again from that point in the program. 
Go To : This operation is conditional on the number displayed 
being negative. The codes 30 to 37 cause execution to go 
to steps 00, 10, 20, 30, 40, 50, 60 and 70 respectively. 
In this way limited jumping and looping operations can be 
achieved. 
1.6 	Slave Card Readers 
It is possible to link three other card readers to the basic 
or master reader in which case execution can jump back and forth 
between these readers by the operations outlined in Table 37. 
Table 37. 	Operations involving slave card readers. 
Code 
	 Operation 
20 	 Start master reader at step 00. 
21 	 Start slave reader No. 1 at step 00. 
22 	 Start slave reader No. 2 at step 00. 
23 	 Start slave reader No. 3 at step 00. 
Continue master reader at next step. 
Continue slave reader No. 1 at next step. 
Continue slave reader No. 2 at next step. 
Continue slave reader No. 3 at next step. 
By using a slave card to hold cell dimension data it was possible to 
devise a simple single card program for calculating interatomic 
distances for triclinic structures. 
1.7 	Uses of the Calculator. 
The electronic calculator is useful for carrying out many 
of the simple mathematical calculations one often wishes to make in 
X-ray crystallography. Programs such as calculating sines and, 
cosines can sometimes be easier to perform than searching through 
books of tables. 
A lengthy session performing the same calculation many 
times with different data can be quicker than punching up data cards 
for a computer program which also involves a turn round time. 
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Even when a computer is being used it helps to have an easy and 
reliable way of checking out one or two of the computer results 
with a Wang program which is already known to operate correctly. 
With computers and computer language changing or being modified 
so often ease of cross-checking is quite important. 
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SECTION 2 	GENERAL MATHEMATICAL PROGRAMS 
Z. 1 	Simple Addition 	 A-i 
Using a card program even for a simple operation such 
as addition has the advantage of reducing human error, especially 
if the list of numbers being added is a long one (e. g. summing Fo 
or Fc values). By using the Stores for totals accidental pressing 
of the Clear All button, which would eliminate a total in an Adder, 
has no detrimental effect. 
Should a wrong number be added in, recalling Store 1 gives 
the previous total. This can be transferred to Store 0, and 1 subtracted 
from n in Store 3 so returning the situation to the correct values 
prior to addition of the wrong number. The correct number can 
now be keyed in and the calculation continued. 
Should one be interrupted, recalling Store 2 gives the 
last number added in. Store 3 also gives n, the number of 
numbers which have been added. 
For negative numbers the number is keyed in followed by 
pressing Change Sign. The program simply adds the minus number 
(equivalent to subtraction) and increases n by 1 in the usual manner. 
2.2 	Weighted Mean, Variance, Standard Deviation 	A-2 
This program was used for calculating weighted means 
from data of varying degree of reliability or accuracy. In the X-ray 
analysis of Si 5 Cl 12 . S1C14 it was used to calculate statistical 0- 
values  for the weighted mean I Fol values and to provide a statistical 
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measure of the standard deviation for the unit cell dimension. 
The formulae used in the program were as follows: 
Weighted mean, 
= 
- 	 z_WI 







Standard deviation 	Cr = 
2.3 	Sine, Cosine, Tangent ( 00 z 00 	 A.3 
Trigonometric functions often crop up in X-ray analysis. 
Program A3 calculates the sine, cosine, and tangent of any angle 
in the range 0 to 90 degrees (and is accurate to 8 decimal places). 
The results are collected in Stores 0, 1, and 2 respectively. The 
formulae used, in order of calculation are as follows: 
= 0/57.2957795 
where 0 is in degrees 
and 	is the angle expressed in radians 
sine = 	(eX - e) - x: 	+ 	(x + 
 840 	7920 
2 	' 
cos 0 = (1.000000004 - sin e )2 
The small change from the proper expression for cosine is to 
counteract a small error caused by series termination in calculating 





2.4 	Sine or Cosine of Any Angle 	 A-4 
Firstly, the angle must be expressed in terms of a single 
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cycle. Dividing by 3600  gives the number of cycles. It is then 
the fractional part of this number that matters. By multiplying 
the number by 10- 1 the rounding off effect of the calculator at the 
tenth decimal place can be used to effect. Dividing the result by 
10 
10 
 gives back not the original number but the original number 
rounded off to the nearest whole number. The rounded off number 
can be subtracted from the original number to give the correctly 
signed fraction of a cycle in the range - 0. 5 through zero to + 0. 5. 
For example 1.2 becomes 0.2 
and 0.8 becomes - 0.2 
Secondly, the sine expansion to be used is unfortunately 
only at its most accurate for the range - 0. 25 through zero to 
+ 0. 25. If, however, the calculation is expressed at this stage 
in terms of cos 2 'T( f,(- 0. 5 <f 0. 5),it is possible to obtain an 
expression in terms of sin 2 'rr (if), since 
cos 211f = 1 - 2 sin  2-rr( ff) 
The sine expansion can now be used with accuracy. 
Thirdly, since the calculation works from cos 2 'fl' f 
sin. 0 requires to be expressed in terms of the cosine. This 
is most conveniently achieved from the fact that a sine wave lags 
behind the corresponding cosine wave by a quarter of a cycle. 
Hence 
	
= 	si..r2 Tr Ø 
= r- OS 2.1r (cb-ri) 
C-0. e = 	c o s 2iiØ ) 
n = 0 for cosine 
n = 1 for sine 
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The sin e or cos 0 values calculated by the program 
are correctly signed and have a maximum error of not more than 6 
in the 7th decimal place. 
The formulae used in the calculation are as follows:- 
0= o°/se 
f = fractional part of ( 0 - 	 n = 0 for cos 
n = 1 for sin 
x = f/U. 31831 
	
3 	 8 
____ 




cos 2 x = 	(2 - 4 sin  x) 
cos el 
2.5 	Arc sine, Arc cosine, Arc tangent 	 Program AS 
The program is based on the evaluation of an expansion 
formula for arctangent. If arcsine or arcosine are desired to be 
calculated then the given sine or cosine must first be converted to 
the corresponding tangent by the formulae 
1 
0 
tan 9 = ( 1 - cos 	 if cosine is given 
cos9 
or 	tan 9 = 	sine 1 
(
if sine is given. 
1 - sin  )2  
The expansion formula for tan 
-1 
 x* (- 1 x1 ) gives 
angles in the range -45
0 
 through zero to + 45 ° . To obtain 9 in 
the range 00  to 90° substitute 9 ° = çz ° + 45 0 and first evaluate 
,L'= tan -1 x 1 . 	Since 
'0 __________ 
tan 	= tan ( ê- 450) = tan 0 - 1
1 + tan() 
tan 
it follows that x' 
= 	9 - 1 
1 + tan 	
, where tan 8 is known. e 
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The expansion formula for tan 
-1 
 x 1 gives 	in radians which 
on converting to degrees lies in the range _450 through zero to 
+ 45 0 . Substituting in e° = 0+ 45 0 gives the desired angle in 
the desired range. 
The program also rounds off to four decimal places. The 
angles calculated are also accurate to this extent. The formulae used 
in the program are as follows:- 
1 
(1 - x2 ) 
=- 
	 where x is the given value 
1 
z = - 
y 
tanO= x if arc tangent calculation 
= y if arc cosine calculation 
= z if arc sine calculation 
1 	tan 19 -1 
x = 
tan 0 + 1 
tan
1 





3 + (2x 1 ) 2 
lz 
5 + (3x 
(Zn-1) + (nx 1 ) 2 
Zn 
= 0.05729578 tan 	(x ' ) 
0° = 	+ 45° 
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2. 6 	Angles of a Triangle (given sides) 	 A-6 
The program calculates angles in a triangle given the 
lengths of the three sides of the triangle. This method can be used 
for calculating bond angles given a triangle of interatomic distances. 
The program copes with all angles in the range 00  to 180
0 
. 






where 	= f(a+b+c) 
Using the same method as in Program A - 5 C/2 is 
evaluated as the arctangent and lies in range 0 ° to 900.  The full 
angle C therefore lies in the desired range of 00  to 180
0 
. 
Some modification has to be made to the half angle tangent 
formula as the usual expression is too cumbersome to allow the 
program to fit into one card. The expression under the square root 
was modified, and simplified, as follows: 
(s-a)(s-b) 	= (c - a + b) (c + a - b) 
s(s - c) (c + a + b)(-c + a + b) 
{c + (b - a) 11 c - (b - a)] 
{c+(b+a) flc-(b+a)] 
2  
= c -(b - a 2) 
C 2 - (b + a) 2 
22 	2 
= (c -b -a) + Zab 
(c2 - b2 - a2 ) - 2 ab 
The formulae used in the program are as follows:- 
tan (iC) 
= I(c
(c2 - b2 - a2) + 2 ab 
Z_bZ_a2) - 
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1 x = tan (C)-1 
tan (f C) + 1 
-1 	1 	1 
tan (x ) = x 	 n = 1, ..., 9. 
1 + (x 1 ) 2 
3 + (2 x 1) 2 
(Zn - 1) + ( nx ')Z 
Zn 
= 57.29577951 tan 	(x 1 ) 
fc° = 	
+ 450 
C0 = 2 (f C° ) 
2.7 	Roots of a Quadratic 	 A - 7 
The program solves the equation ax  + bx + c = 0 for the 
function x, calculating each root in turn. If the roots are imaginary 
a minus sign alone is displayed. The formulae used in the program 
are: - 
X1 = - b +Jb2 4ac .  
Za 
X2 = -b Jb24ac 
Za 
Wl 
SECTION 3 	CELL DIMENSION PROGRAMS 
3.1 	Cell Translation from Oscillation Layer Lines 	B - " l 
The program calculates the crystal lattice repeat distance 
in the direction about which the crystal is oscillating from the 
measured distance between an upper and corresponding lower 
layer line on the oscillation photograph. 
The formula used in the program is: 
• J 
I 	2 	2 





= layer line number 
= radiation wavelength (A) 
= film diameter (mm) 
= separation of -n and +n 
layers (mm) 
= crystal lattice repeat 
distance (A) 
3.2 	d-Spacings from Cu Ko 1 c 2 Splittings 	 B - 2 
At high angles ( 0 approaching 900)  the reflections when 
using copper radiation become split as the angles of reflection 
produced by the 	and OC.2 wavelengths become sufficiently 
different to produce distinct and separated spots. It is possible 
to calculate sine values and hence ci. -spacings simply by 
measuring the separation distance of X and X spots in the 
x-direction on the film. 
The derivation of the mathematical formula is now outlined: 
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2.L Sv 
Z 	c&. s 	e. 	= 
Here 2ct 	( 	$eL - 	 = ri ( _) 




Let 	ê 	- 0, 	= 	L.& 	, :. 6 2. 	e, + Ae 
$Lvl. 	(e, 4 o) - A 1. 	- 	 A, 
+ 	5(.Jl A 19 -  
s.yel A, 
Ex pancl ~ r% 3 cc 	tO 	d 	s 
(Le) 4 - 	 + (to) c 0.5 = + 
- = - 00 (Lie) 7 
3! 	5! + 7f 
%/kere 	O 	s t.n. 
Sirc.e 	Li srria..LL 	the 	FoLtowirtg 	&pprO are ju4F e 4. 
2. 
Hence I 	(AO 	. cotO,. Li 0  
0te, 	A .L - 	+  
2. 
	
cot 0 1 = (A-\. I 	+ 
lit) 
The formulae used in the program are:- 
L 0 = Ax 	 where 	x = & O( 2 spot separation 
D1 L 0 = difference in Bragg 
angle 
DF = film diameter 
0te, = -- (;k1_)":)/JL10 
CL - 
 .ihere 	SLVLO, 	
I 
I 	cot 
3. 3 	Reciprocal Cell Values from Weissenberg Data 	B - 3 
The program calculates reciprocal lattice cell translations 
from the inter spot distances along an axial row in a zero level 
Weissenberg film. The reciprocal lattice repeat distance is found 
from the formula 	= 2 sin 0 In, where n is the order of the 
spot. Hence 0 requires to be expressed in terms of the distance 
from the -n to the +n spot as measured along the axial row. See 
Fig. 47, for illustration and meaning of symbols. 
By comparing similar triangles 
/- 	 - 	D JT + i-rD 	 ç 
Hence  
And 	0 = 	
= 2/ TL + 
The formulae used in the program are as follows:- 
47. 	WeLssen6er3 	 rnecisureents 
For- pro3rcm. B -3 
111 
Z j + Dc t 
8 	-9\ + 	' (e 4 + 
3 	 '40 	 712.0 )J 
= 	2. 
3.4 	- Values from Film x-Coordinates 	 B - 4 
The program calculates 	, the cylindrical coordinate 
in reciprocal space of a reflection, given the film x-coordinate of 
the reflection on an oscillation or normal beam Weissenberg photograph 
where x is the distance normal to the film centre line of the spot 
from the centre line. The formula for ' is , (82), 
[ 	- 	
- z 	T 	
)k(o)]
CO 5 
This can be rearranged as 
= [1 + (I - 
t) 
 -2(1 - 
	
- 2 
where x = distance of spot from centre line (mm) 
Dc = film diameter (mm) 
= separation of reciprocal lattice layers 
(r. 	u..) 
n. = layer of reciprocal lattice 
The formulae used in the program are as follows:- 
2. 	= 	- 	- 
o3 




3. 5 	Reciprocating Triclinic Cell Dimensions 	 B - 5 
The program simply evaluates functions of the type 
*1 	co.c 	- co t -/3 	- ccX 1- 2 coco/3c.€,8 
where a = real cell dimension (A) 
a* = reciprocal cell dimension (r. 1. u.) 
= wave length of radiation used (A) 
= reciprocal cell angles 
The formulae as used in the program are as follows:- 
Q = ( 	
COS ,-












3.6 	Reciprocating Triclinic Cell Angles 	 B - 6 
The program calculates the cosines of the cell angles given 
the cosines of the reciprocal cell angles (or vice versa) from the 
formula 
	
cos c 	= 	 C.Q.5/J 	 co _s 
t * 
c03 16 - 	 + cos/3  
On pressing the start button the above function is evaluated. 
On pressing the continue button the cosine values in the stores are 
all moved round a place before looping back to the beginning of 
the program. The result is that cos/3 is calculated. Further 
pressing of the continue button gives cos 
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3. 7 	Triclinic Cell Volume 	 B - 7 
The program calculates the volume of a triclinic unit cell 
by evaluating the function, (83), 
V = abc (1 - cos 	- 	- cos 	+ 2 cos c(- co j 
.3 
where 	V = volume in A 
a, b, c = cell edges in A 
= cell angles 
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SECTION 4 	LP CORRECTION PROGRAMS 
4.1 	Normal Beam Monoclinic (Non-Unique Axis) 	C - 1 
The normal beam Lp correction programs calculate the 
function, (84), 
- 	
- 	 - 
LP- ____________________ 
I 	- 2. ste + a 
The actual expression used is modified slightly for easier 
manipulation. The expressions used for a monoclinic crystal 
oscillating about a non-unique axis (where b is taken as unique) are as 
follows in the program:- 
4 sin 2 	2 = 	h + b* k + C*Z 12 + 2a*c* cos/3* hl 
2. 	
i. 
'= ho. 2 (t —cos73 ,i 	where a3*=a*orc* 
and h 3 =horl 
	
O 4 	e) - 
LP 	 - (4 . te  
The reciprocal cell dimensions should be in reciprocal 
lattice units. 
The reciprocal cell data remains unchanged in the stores 
throughout calculations. Only the indices and the observed intensities 
for each reflection require to be keyed in for succeeding calculations. 
The program applies the correction to 10,  the observed intensity, 
and then square roots the result so that IFol is given as the output. 
A blank display signals that the program is ready for the 
next piece of information during each calculation. 
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4. 2 	Normal Beam Monoclinic (Unique Axis) 	 C - 2 
The program assumes oscillation about the b-axis as the 
unique monoclinic axis. The formulae used in the program are:- 
4 sin2 O = a*h2 + c* 2l2 + 2 a*c*cos/3*  hl + b*2  k2 
2. 
 
(k b*) 2 
 (4 sin29 - 4 sin') - 
	] LP 	
2 - (4 sin2 0 - 4 sin 4 e ) 
Depending on which is the more connient order of 
indices for the reflection data the reciprocal cell data are stored 
accordingly: - 
Order of Oscillation Store Store Store Store 
indices axis 0 1 2 3 
hik b a* c* b* cos /3 * 
1 h k b c* a* b* Cos /3* 
The index referring to the axis of oscillation must however 
be keyed in third. 
4.3 	Normal Beam Orthorhombic and Tetragonal 	 C - 3 
The formulae used in the program are:- 




 a3- 2 
	
where h 3 is the third index, and 
refers to a3*  the axis of oscillation 
- 	[(4 sin 2O - 4 sin 4Q ) - n2 ] 
LP -. 
	 2 	 4 
2-(4 sin Q -4 sin ê 
The order of indices may be changed, always provided the 
third index refers to the oscillation axis and the reciprocal cell data 
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are stored accordingly. The tetragonal system is treated as 
orthorhombic with two axes equal. 
	
4.4 	Normal Beam Hexagonal 
	
C-4 
The program will Lp correct for oscillation about the 
unique c-axis or about an a-axis according to the code number in 
Store 2, 0 for c-oscillation and 1 for a-oscillation. 
The program uses the following formulae:- 
4 sin 2O = (h2 + k2 + hk)2 	2 2 a* +c* 1 
P2 
Sn 	12 c* 2  (c-oscillation) 
2 k2 a* 2 or 	
n 	
= - 	(a-oscillation) 
I [( 	 49) 	Z1z = 	4sin 	-4sin 
Lp 	 nJ 
2 - (4 sin  0 - 4 sin  9 ) 
4.5 	Normal Beam Cubic 
	
C-5 
Since all three cell edges are equal the reflection indices 
may be keyed in any order, provided the third index refers to the 
axis of oscillation. The formulae used in the program are:- 
4 sin 2 9 = (h2 + k2  + 1 2 ) a*2 
1 2 
Lp 	
= [(4sinZ O - 4 sin4) - 
	2 ] 
2 - (4 sin  0 - 4 sin 4 U ) 
4.6 	Normal Beam Triclinic (general axis) 	 C - 6 
Using a slave card to hold the reciprocal lattice information 
overcomes storage restrictions and allows a program to be devised 
for triclinic symmetry. Sin 2 8 for the reflection is calculated from 
the general formula: 
4 sin2 O = h2a* 2  + k2 b* 2 + 1 2 c * 2  + 2 hka*b*cos * + 2klb*c*cosc + 21hc*acosj3* 
By giving the reciprocal lattice spacing, , for the crystal 
setting used, and n the order of reciprocal lattice layer the program 
can be used for any general setting of the crystal using the formula 
	





2 - (4 sin - 6 - 4 sin4 0 ) 
4.7 	Egui-inclination Lp Correction 	 D 1 - 5 
The equi -inclination Lp correction programs are almost 
exactly the same as the correGponding normal beam programs. The 
basic difference is the term applied to upper layers, 
2 	
4 	 2 	211 1 - 	4 (sin Q - sin Q ) - n + 	sin e i 2 n J Lp - 
2 	4 
2 - 4 (sin 0 - sin 0 ) 
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SECTION 5 	MOLECULAR GEOMETRY PROGRAMS 
5.1 	Triclinic to Orthogonal Co-ordinates 	 E-1 
The program transforms the real co-ordinates X, Y, Z 
referred to the triclinic axes a, b, c to orthogonal co-ordinates X °, 
Y°, Z° where the Z ° -axis is parallel to c and the Y°-axis lies in the 
plane of bc. 	The 6&st.c tr slormotLo4s (es) a.re. 
X° = Xsin/ sin* 
Y° = - x sin/3 cos ' * + Y since. 
z o = X COS/3 + Y cos o(- + Z 
where cos ' * = cos CX- cos 	- cos 
Sin 0c. sin/3,  
The expressions were modified to facilitate programming. 
Since it is desirable to have the data,cosiX , cos/3 , and cos 9 , stored 
unchanged for further calculations there is a severe limitation on free 
storage space. Because of this the transformed co-ordinates are 
calculated in reverse order. This way sufficient storage space is 
released for each calculation as quantities which are not required later 
are used up first. 
The actual expressions used in the program are:- 
Z ° = X cos/3 + Y cos o + Z 
y° = -- [ - X (coscCcos,,3 - cos 	) + Y - Y cos 2C] 
X 	= x [ 1 -cos ,'3 	- --Z ( cos o-, cos/3 - cos 	)2 
where s 	= 1 - cos 06 
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5. 2 	Interatomic Distances (Except Triclinic) 	 E - 2 
The program calculates the distance between two atoms 
given their fractional co-ordinates and the unit cell dimensions. 
Because of storage limitations the program cannot cope with triclinic 




+ (z)?'c L  + 2- A x Ay & cos Y I 
The formula assumes c unique in monoclinic and therefore b and c 
data require to be interchanged if the b-axis is to be considered 
unique. 
The unit cell data is stored as shown in Table 38. 
Table 38. 	Storage of cell data for program E - 2 
Unit Cell 





Store 0 	Store I 	Store 2 	Store 3 
a 	c 	 b 	cos 
a 	b 	 c 	0 
a 	a 	 C 	 0 
a 	a 	 c 	-0.5 
a 	a 	a 	0 
The unit cell data remains unchanged in the stores. Only 
the fractional coordinates require to be keyed in. A blank display 
signals when the next coordinate should be keyed within each calculation. 
5. 3 	Interatomic Distances (General) 	 E - 3 
If a slave card reader is available the storage difficulty 
for calculating interatomic distances in a triclinic unit cell can be 
overcome by using the slave card as the source of unit cell data. 
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The data requires to be punched on the slave card in exactly 
the order of use, each cell dimension being followed by Code 24, 
return to master programme, thus:- 
	
a, 	Code 24, 	b, 	Code 24, 	c, 	Code 24, 
cos, 	Code 24, cos/3, 	Code 24, cos, 	Code 24. 
The program uses the formula: 
- 	 + 	 + ( zc 2 
+ 2. ny A z. 	c. 	 OC.  
+ ZfzLx a_c.  co sIS 
+ 2. 4 	y o, bcos] 
w• I, e r e. 	 = 2. $ 
Ly 	= :12. - 	:11 
Az 
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SECTION 6 	PROGRAM DETAILS 
This section gives the details for the following programs:- 
A 	General Mathematical Programs 
A-i 	Safety Add. 
A-2 Weighted Mean, Variance, Standard Deviation. 
A-3 	Sine, Cosine, Tangent (0 0 	 90 0 ) 
A-4 Sine or Cosine of Any Angle. 
A-5 	Arc sine, Arc cosine, Arc tangent. 
A-6 Angles of a Triangle (given sides). 
A-7 	Roots of a Quadratic. 
B 	Cell Dimension Programs 
B-i 	Cell Translation from Oscillation Layer Lines. 
B-2 S -Spacings from Cu Koc 1 °Splittings. 
B-3 	Reciprocal Cell Values from Weissenberg Data. 
B-4 g -Values from Film x - Coordinates 
B-. 5 	Reciprocating Triclinic Cell Dimensions. 
B-6 Reciprocating Triclinic Cell Angles. 
B-7 	Triclinic Cell Volume. 
C 	Normal Beam Lp Correction Programs 
C-i 	Monoclinic (a- or c-axis oscillation) 
C-2 Monoclinic (b-axis oscillation) 
C-3 	Orthohombic or Tetragonal. 
C-4 Hexagonal 
C-5 	Cubic. 
C-6 Triclinic (general oscillation axis). 
D 	E qui -inclination Lp Correction Programs 
D-1 	Monoclinic (a- or c-axis oscillation) 
D-2 Monoclinic (b-axis oscillation) 
D-3 	Orthorhombic or Tetragonal. 
D-4 Hexagonal. 
D-5 	Cubic. 
E 	Molecular Geometry Programs. 
E-1 	Triclinic to Orthogonal Coordinates. 
E-2 Interatomic Distances (except triclinic). 
E-3 	Interatomic Distances (general). 
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PROGRAM A - 1 SAFETY ADD Time: 1 sec. (per number) 
Input Key x 1 	 : Start Output 	Display : 
Key x2 	 : Continue 	- Re. 3 : 	r. 
Key x 3 Continue Re. 2 : X. 
etc. Re. 1 
Re. 0 : 	Total 
STEP COMMAND CODE COMMENT STEP COMMAND CODE COMMENT 
00 Store 0 10 40 
01 0 60 41 
02 Store 1 11 42 
03 Store 2 12 43 
04 1 61 44 
05 Store 3 13 45 




10 Ch.Sign 77 50 
11 Stop 01 51 
12 CLAR 50 52 
13 +AR 52 53 
14 Store 2 12 54 
15 Re.0 14 55 
16 Store 1 11 56 
17 +AR 52 57 
18 Store 0 10 Total 58 
19 Re.3 17 59 
20 CLAR 50 60 
21 +AR 52 61 
22 1 61 62 
23 MR 52 63 
24 Store 3 13 12 64 
25 CH. Sign 77 65 














00 CLAL 54 
01 +AL 56 
02 i-AR 52 
03 Re AL 55 
04 Enter 41 
05 ReO 14 
06 X = 46 
07 CLAL 54 
08 i-AL 56 
09 Enter 41 
10 Re  16 
11 +AL 56 
12 Store 2 12 
13 Re  14 
14 X 46 
15 CLAL 54 
16 i-AL 56 
17- Re  15 
18 +AL 56 
19 Store 1 11 
20 Re  17 
21 CLAL 54 
22 i-AL 56 
23 1 61 
24 +AL 56 
25 Store 3 13 
26 Stop 01 
27 Re  16 
28 Enter 41 
29 ReAR 51 
30 = 47 
31 Store 2 12 
32 x2 45 
33. CLAL 54 
34 -AL 57 
35 Re  15 
36 Enter 41 
37 ReAR 51 
38  47 
39 +AL 56 
40 Store 1 11 
41 IRX 44 
42 Store 0 10 
43 CL. Disp. 76 





















































WEIGHTED MEAN, VARIANCE, STANDARD DEVIATION 
Input 	Clear All 
	
Output Display 	blank 
Zero Stores Re :fl. 
Key x 1 	 Store 0 	For 	 'Re 2 
Key w1 	 Start j all x1 Re 1 	:cr 
then Contin ae 	 Re cr 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
[24 
PROGRAM A-3 	SINE, COSINE, TANGENT 
Input Key 9 	Start Output Display 	tan e 
Re : 
Re 2 	tanO 
Re 1 cose 
Re 	:sine 
8 secs 




00 Store 3 13 
01 Enter 41 
02 5 '65 
03 7 67 
04 75 
05 2 62 
06 9 71 
07 5 65 
08 7 67 
09 7 67 
10 9 71 
11 5 65 
12 -- 	 = 47 
13 St,re 0 10 
14 X 45 
15 X2 45 
16 CLAR 50 
17 +R 52 
18 X 	' 45 
19 Enter 41 
20 7 67 
21 9 71 
22 2 62 
23 0 60 
24 -= 47 
25 +AR 52 
26 'Enter 41 
27 8, 70 
28 4 64 
29 0, 60 
30 47 
31 CLAR 50 
32 +AR 52 
33 1 61 
34 +AR 52 
35 Enter ' 	41 
36 R0 14 
37 X 45 
38 Enter 41 
39 Re  14 
40 Enter 41 
41 3 63 
42 - = 47 
43 CLAR 50 
44 -AR 53 
45 Re  14 
46 e  43 e  
47 CLAL 54 
48 +AL 56 
49 - 	= 47 eX 
50 -AL 57 
51 Enter 41 
52 2 62 
53 , 47 (eX - e_X ) 
54 +AR 52 
55 Store 0 10 Sin 0 
56 CIA  54 
47 1 61 
58 75 
59 0 60 
60 0 60 
61 0 60 
62 0 60 
63 0 60 
64 0 60 
65 0 60 
66 0 60 
67 .4 64 
68 +AL 56 
69 Rç0 14 
X' sin  70 45 
71 -AL 57 
72 44 
73 Store 1 11 cos 0 
74 Re  14 sin  
75 Enter 41 
76 Re  15 cos E) 
77 .- 	 = 47 
78 Store 2 12 tan 0 
79 Stop 01 
1 Z5 
PROGRAM A-4 	SINE OR COSINE OF ANY ANGLE 
Input 	Key Code: Store 3 
Key Q 	Start 
Coded 1 for Sin 0 
O for Cos O 
9secs 
Output Display : Sine or Cos 0 
Re 	:Code 
STEP COMMAND CODE COMMENT STEP COMMAND CODE COMMENT 
00 Enter 41 40 -AL 57 (eX - e_X) 
01 3 63 41 Rç2 0 14 
02 6 66 42 X2 45 
03 0 60 43 X 45 
04 --= 47 44 CLAR 50 
05 CLAR 50 45 +R 52 
06 +AR 52 0 46 X 45 
07 Re 3 17 Code 1 or 0 47 Enter 41 
08 Enter 41 48 7 67 
09 4 64 49 9 71 
10 -= 47 50 2 62 
11 -AR 53 51 0 60 
12 75 52 47 
13 0 60 53 +AR 52 
14 0 60 54 8 70 
15 0 60 55 4 64 
16 0 60 56 0 60 
17 12 61 57 +AR 52 
18 X 45 58 Enter 41 
-10 
19 Store 0 10 10 59 Rç2 0 14 
20 Enter 41 60 X 45 
21 Re AR 51 0 61 Enter 41 
22 X= 46 62 Re  14 
23 Enter 41 63 Enter 41 
24 Re  14 64 1 61 
25 -= 47 65 2 62 
26 -AR 53 f 66 6 66 
27 Enter 41 67 0 60 
28 75 68 -= 47 
29 3 63 69 - 	L 57 2 sin C 
30 1 61 70 X 45 
31 8 70 71 CLAR 50 
32 3 63 72 -AR 53 
33 1 61 73 2 62 
34 - = 47 74 + AR 52 2 cos 2X 
35 Store 0 10 75 Enter 41 
36 e  43 76 2 62 
37 CIA  54 77 E- 	= 47 cos 2X 
38 +AL 56 78 Stop 01 
79 39 	--= 	47 
I b 
PROGRAM A -5 	ARC SINE, ARC COSINE, ARC TANGENT 
Input 	Key x 	Store 0 	 Output Display 
Key Code 	Start 
Code 	+1 for sin - ix 
+0 for cos -ix 
-1 for tan - lx 




- 	20 ç — 
54 











02 	+AL 	56 
03 CLAR 50 43 +AR 52 2n. 
04 1 61 44 1 61 
05 + AR 52 45 -AR 53 2m - 1 
06 Re 0 14 x 46 Re AL 55 
07 x2 45 47 X2 45 
08 - AR 53 48 Enter 41 
09 44 49 Re  14 x- 
10 Enter 41 50 X2 45 
11 Re  14 51 +AR 52 
12 -= 47 52 --= 47 
13 Store 0 10 y 53 Enter 41 
14 1 61 54 1 61 
15 -AL 57 55 +AL 56 
16 + 20 J- 32 i f coscalcul- 56 4 	40;-. 34 
tion  
tan 0 




17 	Re 	14 
18 --= 47 
19 	Store 0 	10 
20 ReO 14 
21 CLAR 50 
22 +AR 52 
23 1 61 
24 -AR 53 
25 Enter 41 
26 2 62 
27 +AR 52 
28 -- 47 
29 Store 0 10 
30 75 
31 1 61 
32 Enter 41 
33 9 71 
34 -AL 57 
35 1 61 
36 0 60 
37 0 60 
38 0 60 
39 Store 1 11 












69 Re  
70 
71 	Enter 








































tan (IC)  -1 
tan (-iC)  +1 
-X I 
20 secs PROGRAM A-6 	ANGLES OF A TRIANGLE 
Input 	Key a : Store 0 
Key b : Store 1 
Key 	: Store  
Start 
Output 	Display CO 
Re  :C 
Re  :b 
Re  :a 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 CLAR 50 
01 CLAL 54 
02 Re  16 
03 X2 45 
04 +AR 52 
05 Re  15 
06 X2 45 
07 -AR 53 
08 Re  14 
09 X2 45 
10 -AR 53 
11 +AL 56 
12 Re  14 
13 Enter 41 
14 Re  15 
15 Enter 41 
16 2 62 
17 X= 46 
18 Store 3 13 
19 +AR 52 
20 Enter 41 
21 Re  17 
22 -AL 57 
23 --= 47 
24 rx 44 
25 CLAR 50 
26 i-AR 52 
27 1 61 
28 -AR 53 
29 Enter 41 
30 2 62 
31 -i-AR 52 
32 - 47 
33 Store 3 - 	13 
34 • 75 
35 1 61 
36 Enter 41 
37 9 71 
38 CLAL . 	54 
39 -AL 57 
40 Re AL 55 -n 
41 CLAR 50 
42 -AR 53 
43 +AR 52 2n 
44 1 61 
45 -AR 53 2n -1 
46 Re AL 55 
47 X2 45 
48 Enter 41 
49 Re  17 
50 X2 45 
51 +AR 52 
52 --= 47 
53 Enter 41 
54 1 61 
55 i-AL 56 
56 -,40if- 34 
57 Re  17 . 
58 Enter 41 
59 5 65 
60 7 67 
61 . 75 
62 2 62 
63 9 71 
64 5 65 
65 7 67 
66 7 67 
67 9 71 
68 5 65 
69 1 61 
70 X= 46 S' 
71 CLAR 50 
72 +AR 52 
73 4 .64 
74 5 65 
75 +AR 52 co-k 
76 Enter 41 
77 2 62 
78 X= 46 co 
- 	79 Stop 01 
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PROGRAM A -7 	ROOTS OF A QUADRATIC 
	
6 secs 
Input 	Key a 	: Store 0 
Key b Store 1 
Key c 	: Store 2 
Start 
Continue 
Output Display 	, , X 
Re : (b _42c)'- 
Re 	: . C 
Re b 
Re 	a 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 CLAR 50 
01 CLAL 54 
02 X= 46 
03 Rd 1 15 
04 -AL 57 
05 . x2 45 
06 -3-AR 52 
0'7 4 64 
08 Enter 41 
09 Re  14 
10 Enter 41 
11 Re  16 
12 X= 46 
13 -AR 53 
14 ->40if- 34 
15 1x—  
16 Store 3 13 
17 +AL 56 
18 Enter 41 
19 RE  14 
20 47 
21 2 62 
22 -i-' 47 
23 Stop 01 
24 . 	 CLAL 54 
25 . 	 Rd I 15 
26 -AL 57 
27 Re  17 
28 -AL 57 
29 Enter 41 
30 Re  14 
31 4. 47 
32 Enter 41 
33 . 	 2 62 
34 —= 47 


















40 	CL. Disp 	76 
41 Ch. Sign 77 	minus sign displayed 







































PROGRAM B-i CELL TRANSLATION FROM OSCILLATION LAYER LINES 3 secs 
Input 	Store 2 	: Df 	 Output 	Display t 
Store : A Re  n 
Key 2 yn : Store 0 	 Re 2 DF 
Key  Start Re 	: 
Re : 2 y 









00 Store 3 13 
01 Re  14 
02 X2 45 
03 CLAR 50 
04 +AR 52 
05 Re  16 
06 X2 45 
07 +AR 52 
08 IFY 44 
09 Enter 41 
. 10 Re  17 
11 Enter 41 
12 Re  15 
13 Enter 41 
14 Re  14 
15 --= 47 

































































PROGRAM B-2 	d-SPACINGS FROM Cu Kc. 1oc 2 SPLITTINGS 
Input 	Store 0 	: Df(mm) 	 Output Display 










STEP COMMAND CODE COMMENT STEP COMMAND CODE COMMENT 
00 Store 3 13 40 Enter 41 
01 X= 46 41 Re 3 17 	sin 0, 
02 Re  17 Ax 42 CLAR 50 
03 Enter 41 . 43 +AR 52 
04 75 . 	 . 44 +AR 52 
05 5 65 45 47 
06 Enter 41 46 Store 1 11 	d 
07 Re 0 14 47 Stop 01 
08 47 48 
09 CLAR 50 49 
10 +AR 52 LO 50 
11 . 75 51 
12 0 60 52 
13 0 60 53 
14 1 61 54 
15 9 71 55 
16 1 61 56 
17 Enter 41 r 57 
18 1 61 58 
19 . 75 59 
20 5 65 60 
21 4 64 61 
22 0 60 62 
23 5 65 63 
24 1 61 64 
25 Store 2 12 X, 65 
26 -= 47 66 
27 Enter 41 67 
28 Re AR 51 AO 68 
29 -= 47 69 
30 +AR 52 cot of  70 
31 X2 45 71 
32 CLAR 50 72 
33 +AR 52 73 , 
34 1 61 74 
35 +AR 52 75 
36 IFX 44 76 
37 -= 47 77 
38 Store 3 13 sin 0, 78 











50 Re  
51 x2 
52 Enter 







































































PROGRAM B-3 	RECIPROCAL CELL VALUES FROM WEISSENBERG DATA 	 10 secs 
Input 	Store 2 	:T (mm) 
	
Output Display : 	(r. Lu ) 
Store 1 : Df (mm) Re 	: fl 
Key ln(mm):Store 0 
Key n 	:Start 
STEP COMMAND CODE 	COMMENT 
	
STEP COMMAND CODE COMMENT 
00 Store 3 13 
01 CLAR 50 
02 X= 46 
03 Re  16 
04 X2 45 
05 Enter 41 
06 9 71 
07 75 
08 8 70 
09 6 66 
10 9 71 
11 6 66 
12 0 60 
13 4 64 
14 4 64 
15 += 47 
16 +AR 52 
17 Re  15 
18 X2 45 
19 -i-AR 52 
20 44 
21 47 
22 Enter, 41 
23 Re  14 
24 Enter 41 
25 2 62 
26 -= 47 
27 Store 0 10 
28 x 45 
29 X2 45 
30 CLAR 50 
31 -i-AR 52 
32 X2 45 
33 Enter 41 
34 7 67 
35 9 71 
36 2 62 
37 0 60 
38 --= 47 
39 +AR 52 
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PROGRAM B-4 -VALUES FROM FILM %-CO-ORDINATES 8 secs 
Input 	Store 3 Df(mrn) 	 Output Display 	: (r.l.u.) 
Store  : 	 '(r.I.U.) Re : Df(mm) 
Store 1 : 	 n Re 2 (r.l.U.) 
Key Start Re 1 	: n 
Re 0 : 0 radians 
STEP COMMAND CODE COMMENT STEP COMMAND CODE COMMENT 
00 Store 0 10 40 -AL 57 2 sin 10 
01 X= 46 fl 41 X2 45 
02 Re 0 14 42 CLAR 50 
03 Enter 41 43 -AR 53 - 4 sin 2Ø 
04 Re 3 17 Df 44 Re 2 16 
05 47 45 X2 45 
06 Store 0 10 radians 46 Enter 41 
07 ex 43 47 Re  15 n 
08 CLAL 54 48 X2 45 
09 -i-AL 56 49 CLAL 54 
10 4= 47 50 -AL 57 2 	2 
11 -AL 57 51 2 62 
12 Re 0 14 95 52 +AR 52 (2-4 sin 2Ø) 
13 X2 45 53 Enter 41 
14 X2 45 54 1 61 
15 CLAR 50 55 -i-AL 56 (1 	2 	2) 
16 +AR 52 04 56 15 44 
17 X2 45 57 -AL 57 
18 Enter 41 58 1 61 
19 7 67 59 -i-AL 56 
20 9 71 60 44 
21 2 62 61 Stop 01 
22 0 60 62 
23 -= 47 63 
24 -i-AR 52 64 
25 8 70 65 
26 4 64 66 
27 0 60 67 
28 +AR 52 68 
29 Enter 41 69 
30 Re  14 0 70 
31 X2 45 71 
32 Enter 41 72 
33 Re  14 73 
34 Enter 41 74 
35 1 61 75 
36 2 62 76 
37 6 66 77 
38 0 60 78 










15 cos /3 
45 
57 
1 2 	1 2 	2 

























PROGRAM B-5 	RECIPROCATING TRICLINIC CELL DIMENSIONS 	 17 secs 
Input 	Store 3 A 
Store  : 	cos 3 
Store 1 : 	cos /3 
Store  : 	cos 3 
Output 	 Display 
Key a3 (r. 1. u.) : Start 	: a (A) 
Key b3 (r. 1. u.) : Continue : b (A) 
Key c8 (r. 1. v..) 	Continue : C (A) 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 CLAL 54 40 Re AR 
01 +AL 56 a3 41 
02 X= 46 42 stop 
43 . 	= 03 	Re 0 	14 	 cos CC 
04 Enter 41 44 X 
05 Re  15 Cos /3 45 CLAL 
06 Enter 41 46 +AL 
07 Re 2 16 cos 9 47 Enter 
08 X= 46 48 Re 1'  
09 CLAL 50 49 X2 
10 +AR 52 cos oC 3 cos,3 9  cos 73 50 -AL 
11 +AR 52 51 
12 Re 0 14 cos . 3 52 Enter 
13 X2 45 53 Re AR 
14 -AR 53 54 
15 Re 1 15 cos/3 55 Stop 
16 X2 45 56 
17 -AR 53 57 X2 
18 Re  16 cos' 3 58 CLAL 
19 X2 45 59 -iAL 
20 -AR 53 60 Enter 
21 1 61 61 Re  
22 -i-AR 52 62 X2 
23 44 Q 63 -AL 
24 Enter 41 64 rx 
25 Re 3 17 A 65 Enter 
26 47 66 Re AR 
27 CLAR 50 67 - 
28 -i-AR 52 Q/) 68 Stop 
69 29 	Re AL 	55 	 a9 
30 --= 47 70 
31 X2 45 71 
32 CLAL 54 72 
12 
33 -i-AL 56 () 73 
34 Enter 41 74 
35 Re  14 cosOC 75 
36 X2 45 76 
12122 
37 -AL 57 () -(--s) 	 cos £ 77 
38 44 78 
39 Enter 41 79 
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PROGRAM B-6 	RECIPROCATING TRICLINIC CELL ANGLES 	 4 sees 
Input 	Store 0 	cos 0.' 	 Output Start 	Read cos c(. 
Store 1 cos/3° Continue : Read cos /S 
Store 2 : cos 	 Continue : Read cos 
STEP COMMAND CODE 	COMMENT 
00 CLAL 54 
01 CLAR 50 
02 X= 46 
03 Re 1 15 cos /3* 
04 Enter 41 
05 Re  16 cosP 
06 X= 46 
07 i-AR 52 cos 	* cos 
08 X 45 
09 +AL 56 
10 Re  14 Cos O ° 
11 -AR 53 
12 Re  15 cosj 
13 X2 45 
14 -AL 57 
15 Re  16 COS 
16 X2 45 
17 -AL 57 
18 1 61 
19 i-AL 56 
20 44 
21 47 
22 Enter 41 
23 Re AR 51 
24 X= 46 coso 
25 Stop 01 
26 Re  14 
27 Store 3 13 
28 Re -1 15 
29 Store 0 10 
30 Re  16 
31 Store 1 11 
32 Re  17 
33 Store 2 12 
34 Cl. Disp. 76 
35 Ch. Sign. 77 
















































TRICLINIC CELL VOLUME 
	
4 secs 
Input 	CLEAR ALL 
Store 0 	cos 0c 
Store 1 : 	cos 
Store cos 
Key a (A) Store 3 
Key b (A) : i-AR 
Key c (A) Start 
Output 
Display : V (A 3) 




STEP COMMAND CODE COMMENT 
00 CLAL 54 
01 +AL 56 
02 X= 46 
03 Re AL 55 
04 Enter 41 
05 Re AR 51 
06 Enter 41 
07 Re  17 
08 X= 46 
09 Store 3 13 
10 Re  14 
11 Enter 41 
12 Re  15 
13 Enter 41 
14 Re  16 
15 X= 46 
16 CLAR 50 
17 -*AR 52 
18 +AR 52 
19 Re  14 
20 X2 45 
21 -AR 53 
22 Re  15 
23 X2 45 
24 -AR 53 
25 Re  16 
26 X2 45 
27 -AR 53 
28 Re  17 
29 Enter 41 
30 1 61 
31 -i-AR 52 
32 44 



















PROGRAM C-i NORMAL BEAM MONOCLINIC Lp CORRECTION 
(Oscillation about a 	- axis) 
Store 3 : 	cos/3 3 Key h 1 Start 
Store 2 a33 Key k 	: Continue 
Store 1 b3 Key h3 Continue 
Store 0 : 	a3 1 Key I Continue 
8 secs 
Output 
Display 1F 3 1 












4 sin 0 
00 CLAL 54 
01 +AL 56 
02 CLAR 50 
03 X2 45 
04 Enter 41 
05 Re  14 
06 X2 45 
07 +AR 52 
08 Cl. Disp. 76 
09 Stop 01 
10 X2 45 
11 Enter 41 
12 Rd 1 15 
13 X2 45 
14 +AR 52 
15 Re AL 55 
16 Enter 41 
17 Re  14 
18 Enter 41 
19 Re  16 
20 Enter 41 
21 Re  17 
22 Enter 41 
23 2 62 
24 Enter 41 
25 Cl. Disp 76 
26 Stop 01 
27 CLAL 54 
28 +AL 56 
29 X= 46 
30 +AR 52 
31 Re AL 55 
32 X2 45 
33 Enter 41 
34 Re  16 
35 x2 45 
36 CLAL 54 
37 -AL 57 
38 -AR 53 
39 X2 45 
40 Enter 41 
41 4 64 
42 -= 47 
43 -AR 53 (4 sin 2& 	4 sin4O) 
44 Re AL 55 
45 Enter 41 
46 Re 3 17 cosjj 3 
47 X2 45 
48 -AL 57 - 
49 Re AL 51 
50 +AL 56 
51 44 
52 Enter 41 
53 CLAL 54 
54 2 62 
55 -AR 53 
56 Ch. Sign 77 
57 47 '/Lp 
58 Enter 41 
59 Cl. Disp. 76 
60 Stop 01 
61 X= 46 
62 44 IF,t 


















PROGRAM C-2 NORMAL BEAM MONOCLINIC Lp CORRECTION 
(Oscillation about b-axis) 
Store 3 : cos/3 Key h : 	 Start 
Store 2 : b4 Key 1 : 	 Continue 	 Output 
Store 1 : c4 Key k Continue 
Store 0 	a 4 Key 10 : 	 Continue 	 Display 	IF,, 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
8 secs 
00 Enter 41 
01 Re 0. 14 a4 
02 X= 46 
03 CLAL 54 
04 -i-AL 56 ha* 
05 X2 45 
06 CLAR 50 
07 -i-AR 52 (ha)2 
08 Re AL 55 
09 Enter 41 
10 Cl. Disp 76 
11 Stop 01 
12 CLAL 54 
13 -i-AL 56 1 
14 Enter 41 
15 Re  15 c4 
16 Enter 41 
17 Re 3 17 cos,s 8 
18 Enter 41 
19 2 62 
20 X= 46 
21 -i-AR 52 
22 Re AL 55 1 
23 X2 45 
24 Enter 41 
25 Re  15 c4 
26 X2 45 
27 -i-AR 52 
28 Cl. Disp. 76 
29 Stop 01 
30 X2 45 k2 
31 Enter 41 
32 Re  16 b4 
33 X2 45 
34 CLAL 54 
35 -AL 57 - 
36 -AR 53 4 sin 20 
37 X2 45 
38 Enter 41 
39 4 64 
40 47 
41 	-AR 53 (4 sin 20 	4 sinl9) 
42 +AL 56 
43 	,.../ 44 
44 Enter 41 
45 	2 62 
46 -AR 53 
47 	Ch. Sign 77 
48 47 1/Lp 
49 	Enter 41 
50 Cl. Disp 76 
51 	Stop 01 
52 X= 46 
53 	J5;_ 44 IF0I 



























PROGRAM C-3 	NORMAL BEAM ORTHOTHOMBIC OR TETRAGONAL 	 7 secs 
Lp Correction 
Store 2 : co Key h 	: 	Start 
Store 1 : b 	Key k Continue 	 Output 
Store 0 	a* Key 1 	: 	Continue 
Key 10 Continue 	 Display IF. 
STEP COMMAND CODE COMMENT STEP COMMAND 	CODE COMMENT 
00 CLAR 50 40 44 
01 X2 45 - 41 Stop 	01 
02 Enter 41 42 
03 Re  14 a 43 
04 X2 45 44 
05 +AR 52 45 
06 Cl. Disp 76 46 
07 Stop 01 47 
08 X2 45 48 
09 Enter 41 	- 49 
10 Re  15 b* 50 
11 X2 45 51 
12 +AR 52 52 
13 Cl. Disp 76 53 
14 Stop 01 54 
15 X2 45 55 
16 Enter 41 56 
17 Re  16 co 57 
18 X2 45 58 
19 CLAL 54 59 
20 -AL 57 60 
21 -AR 53 4 sinO 61 
22 X2 45 62 
23 Enter 41 63 
24 4 64 64 
25 ---= 47 65 
26 -AR 53 (4 sin2O -4 sin 	) 66 
27 +AL 56 67 
28 44 68 
29 Enter 41 69 
30 CLAL 54 70 
31 2, 62 71 
32 +AL 56 72 
33 Re AR 51 73 
34 -AL 57 74 
35 47 1/Lp 75 
36 Enter 41 76 
37 Cl. Disp 76 77 
38 Stop 01 78 
39 X= 46 79 
40 -= 47 
41 Re  17 
42 -AL 57 	
- 	 n2 
43 0 60 
44 Ch. Sign 77 















60 Re AR 
61 +AL 









71 Cl. Disp 
































PROGRAM C-4 	NORMAL BEAM HEXAGONAL LP CORRECTION 
Store 2 	Code 0 or 1 	 Key 	: Start 
Store 1 ce 	 Key k : Continue 
Store 0 	a Key 1 	: Continue 
Key 10 	 : Continue 
8 secs 
Output 
Display 1F0 1 

















05 Store 3 13 
06 +AR 52 
07 X= 46 
08 CLAR 50 
09 +AR 52 
10 Re  17 It 
11 X2 45 
12 CLAL 54 
13 +AL 56 
14 -,-AR 52 
15 Enter 41 
16 Re  14 a * 
17 X2 45 
18 CLAR 50 
19 +AR 52 
20 Cl. Disp. 76 
21 Stop 01 
22 X2 45 
23 Enter 41 
24 Re  15 c 
25 X2 45 
26 Store 3 13 (Lc)2 
27 +AR 52 4 sin 29 
28 X2 45 
29 Enter 41 
30 4 64 
31 --= 47 
32 -AR 53 (4 sin2 0 -4 sin 
33 Re AL 55 1(2 
34 Enter 41 
35 Re  16 Code Oorl 
36 CLAL 54 
37 -AL 57 0or-1 
38 CLAL 54 
39 -*5jf- 35 
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PROGRAM C-5 	NORMAL BEAM CUBIC Lp CORRECTION 	 6 secs 
Store 3 : a° . 1. u. ) 	 Key h 	 Store 0 
Key k : 	Store 1 	 Output 
Key! 	 Store  
Key 10 	Start 	 Display j.F 0  I 
STEP COMMAND CODE COMMENT STEP COMMAND 	CODE COMMENT 
00 CLAL 54 40 IFT 	44 	I.F. I 
01 +AL 56 I 	 - 41 Stop 01 
02 CLAR 50 42 
03 Rç2 0 14 h 43 
04 X 45 44 
05 +AR 52 45 
06 Re  15 k 46 
01 X2 45 47 
08 +AR 52 48 
09 Re  16 1 49 
10 X2 45 50 
11 -i-AR 52 (h2 + k2 +12)  51 
12 Enter 41 52 
13 Re  17 a0 53 
14 X2 45 4 sin 2 O 54 
15 CLAR 50 55 
16 +AR 52 56 
17 X2 45 57 
18 Enter 41 58 
19 4 64 59 
20 --= 47 60 
21 -AR 53 61 
22 Store 0 10 (4 sin2 0 -4 sin40) 62 
23 Re  16 1 63 
24 x2 45 64 
25 Enter 41 65 
26 Re  17 a0 66 
27 X2 45 2 67 
28 -AR 53 68 
29 44 69 
30 Enter 41 70 
31 CLAR 50 71 
32 2 62 72 
33 +AR 52 73 
34 Re 0 14 (4 sin 2e -4 sin4 0) 74 
35 -AR 52 75 
36 -= 47 1/Lp 76 
37 Enter 41 77 
38 Re AL 55 10 78 
39 X= 46 79 
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PROGRAM C-6 	NORMAL BEAM TRICLINIC Lp CORRECTION 
(for any axis) 
Input: 	Store 3 : 	1' for rotation axis 	 Key 10 	Continue 
Store 2 : n, order of layer 
Key h 	: 	Store 0 	 Read IF O J on display 
Key : Store  
Key 1 	Start 	 (+ SLAVE DATA) 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 CLAR 50 
01 CLAL 54 
02 +AR 52 1 
03 Re  14 h 
04 Enter 41 
05 Si. Start 21 
06 X= 46 
07 Store 0 10 ha 
08 X2 45 
09 CLAL 54 
10 +AL 56 (ha)2 
11 Re  15 
12 Enter 41 
13 Si. Cont 25 
14 X= 46 
15 Stre 1 11 kb 
16 X 45 
17 +AL 56 
18 Re AR 51 1 
19 Enter 41 
20 SI. Cont 25 
21 X= 46 lc 
22 CLAR 50 
23 +AR 52 
24 X2 45 
25 +AL 56 
26 Re  15 kb 
27 Enter 41 
28 Re AR 51 lc* 
29 Enter 41 
30 2 62 
31 Enter 41 
32 51. Cont 25 
33 X= 46 2 klb*c cos ot 
34 +AL 56 
35 Re AR 51 lc* 
36 Enter. 41 
37 Re  14 ha 
38 Enter 41 
39 2 62 
40 	Enter 	41 
41 Si. Cont 25 
42 X= 46 	2 thca*cos,,3 
43 +AL 56 
44 Re  14 	ha* 
45 Enter 41 
46 Re  15 
47 Enter 41 
48 2 . 	 62 
49 Enter 41 
50 51. Cont 25 
51 X= 46 2 h a*b cos  V* 
52 +AL 56 4 sinO 
53 X2 45 
54 Enter 41 
55. 4 64 
56 -= 47 
57 -AL 57• 4 sinO -4 sinO 
58 CLAR 50 
59 -AR 53 
60 Re  16 n 
61 X2 45 
62 Enter 41 
63 Re  17 
64 X2 45 n2 g12 
65 -AL 57 
66 If 44 numerator 
67 Enter 41 
68 2 62 
69 -i-AR 52 
70 47. 1/Lp 
71 Enter 41 
72 Cl. Disp 76 
73 Stop 01 
74 X= 46 
75 'Ji- 44 




00 CLAL 54 
01 +AL 56 
02 CLAR 50 
03 X2 45 
04 Enter 41 
05 Re  14 
06 X2 45 
07 +AR 52 
08 Cl. Disp. 76 
09 Stop 01 
10 X2 45 
11 Enter 41 
12 Re  15 
13 X2 45 
14 +AR 52 
15 Re AL 55 
16 Enter 41 
17 Re  14 
18 Enter 41 
19 Re  16 
20 Enter 41 
21 Re  17 
22 Enter 41 
23 2 62 
24 Enter 41 
25 Cl. Disp 76 
26 Stop 01 
27 CLAL 54 
28 +AL 56 
29 X= 46 
30 i-AR 52 
31 Re AL 55 
32 X2 45 
33 Enter 41 
34 Re  16 
35 X2 45 
36 CLAL 54 
37 -AL 5'7 
38 -AR 53 
39 Enter 41 
40 4 64 
41 ---= 47 
42 CLAR 50 
43 i-AR 52 sin2 0 
44 Re AL 55 
45 Enter 41 
46 Re  17 
47 X2 45 
48 -AL 57 
- 	2 
49 Enter 41 
50 Re AR 51 sin2 9 
51 X= 46 
52 -AL 57 - 	2i- 	sin2 
53 Re AR 51 
. 
54 X2 45 
55 -AR 53 
56 i-AR 52 
57 +AR 52 4(sin2G -sin4 0) 
58 +AL 56 
59 44 
60 Enter 41 
61 2 62 
62 -AR 53 
63 Ch. Sign 77 
64 -- 47 1/Lp. 
65 Enter 41 
66 Cl. Disp 76 
67 Stop 01 
68 X= 46 
69 44 1F 0 1 
























PROGRAM D-1 	BUI-INCLrNATION MONOCLINIC Lp CORRECTION 
(Oscillation about a 3 - axis) 
Store 3 	: cos/3 4 Key h1 : 	Start 
Store 2 	: a3 Key 'k : 	Continue 
Store 1 	: b Key h3 : 	Continue 
Store 0 	: a1 Key I : 	Continue 
8 secs 
Output 
Display : 1F 0 1 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
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PROGRAM D-2 EQUT-INCLINATION MONOCLINIC Lp CORRECTION 
(Oscillation about b-axis) 
Store 3 : 	cos/3' Key h 	: 	Start 
Store 2 : 	b3 Key 1 : Continue 
Store 1 : - 	Key 1( 	: 	Continue 
Store 0 : 	a3 Key To 	 Continue 
8 secs 
Output 
Display : J.FoI 











4 sin 0 
00 Enter 41 
01 Re  14 
02 X= 46 
03 CLAL 54 
04 i-AL 56 
05 X2 45 
06 CLAR 50 
07 -i-AR 52 
08 Re AL 55 
09 Enter 41 
10 Cl. Disp. 76 
11 Stop 01 
12 CLAL 54 
13 +AL 56 
14 Enter 41 
15 Re  15 
16 Enter 41 
17 Re  17 
18 Enter 41 
19 2 62 
20 X= 46 
21 +AR 52 
22 Re AL 55 
23 X2 45 
24 Enter 41 
25 Re  15 
26 X2 45 
27 +AR 52 
28 Cl. Disp. 76 
29 Step 01 
30 X 45 
31 Enter 41 
32 Re  16 
33 X2 45 
34 CLAL 54 
35 -AL 57 
36 -AR 53 
37 Enter 41 
38 4 64 
39 47 
40 CLAR 50 
41 i-AR 52 
2 
sine 
42 Enter 41 
43 Re AL 55 
44 X= 46 
45 -AL 57 - 	2 
+ 
sin 2 O 
n2 
46 Re AR 51 sinb 
47 X2 45 
48 -AR 53 
49 i-AR 52 
50 +AR 52 4(sin2O _sin 40) 
51 i-AL 56 
52 44 
53 Enter 41 
54 2 62 
55 -AR 	- 53 
56 Ch. Sign 77 
57 L = 47 1/Lp 
58 Enter 41 
59 Cl. Disp 76 
60 Stop 01 
61 X= 46 
62 FX 44 jFoj 


















PROGRAM D-3 	EQUI -INCLINATION ORTHORHOMBIC OR TETRAGONAL 
Lp CORRECTION 
Store 2 : c 	 Key h 	: 	Start 
Store 1 : b Key k Continue 
Store 0 : a 	 Key 1 	 Continue 
Key 10 : 	Continue  
7 secs 
Output 
Display : IFol 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 CLAR 50 
01 X2 45 
02 Enter 41 
03 Re  14 
04 X2 45 
05 +AR 52 
06 Cl. Disp. 76 
07 Stop 01 
08 X2 45 
09 Enter 41 
10 Re  15 
11 x2 45 
12 +AR 52 
13 Cl. Disp. 76 
14 Stop 01 
15 x2 45 
16 Enter 41 
17 Re  16 
18 x2 45 
19 CLAL 54 
20 -AL 57 
21 -AR 53 
22 Enter 41 
23 4 64 
24 -= 47 
25 CLAR 50 
26 i-AR 52 
27 Enter 41 
28 Re AL 55 
29 X= 46 
30 -AL 57 
31 Re AR 51 
32 X2 45 
33 -AR 53 
34 -4-AR 52 
35 i-AR 52 
36 +AL 56 
37 44 
38 Enter 41 
39 2 62 
40 -AR 53 
h2 41 Ch. Sign 77 
42 -= 47 	1/Lp 
a* 43 Enter 41 
44 Cl. Disp 76 
45 Stop 01 
46 X= 46 
47 44 	IFol 
































00 CLAR 50 
01 -i-AR 52 
02 Enter 41 
03 Cl. Disp. 76 
04 Stop 01 
05 Store 3 13 
06 -f-AR 52 
07 X= 46 
08 CLAR 50 
09 -i-AR 52 
10 Re  17 
11 X2 45 
12 CLAL 54 
13 +AL 56 
14 -f-AR 52 
15 Enter 41 
16 Re  14 
17 X2 45 
18 CLAR 50 
19 +AR 52 
20 Cl. Disp. 76 
21 Stop 01 
22 X 2 45 
23 Enter 41 
24 Re  15 
25 X2 45 
26 Store 3 13 
27 +AR 52 
28 Re AL 55 
29 Enter 41 
30 Re  16 
31 CLAL 54 
32 -AL 57 
33 -40 if- 34 
34 ,--= 47 
35 Re  17 
36 Enter 41 
37 4 64 
38 -AL 57 
39 -+5Oif- 35 
40 . 75 
41 7 67 
42 5 65 
43 Enter 41 
44 Re  14 	a° 
45 X2 45 
46 Enter 41 
47 4 64 
48 -AL 57 
49 
50 Re AR 51 4 sinZ0 
51 +AL 56 
52 Enter 41 
53 4 64 
54 = 47 - 	(1 -sin 
55 CLAL 54 
56 i-AL 56 
57 Re AR 51 4 sin 2 O 
58 X2 45 
59 Enter 41 
60 4 64 
61 47 
62 -AR 53 (4 sin2 	-4 sine ) 
63 +AL 56 
64 44 
65 Enter 41 
66 2 62 
67 -AR 53 
68 Ch. Sign 77 
69 - 47 1/Lp 
70 Enter 41 
71 Cl. Disp. 76 
72 Stop 01 
73 X= 46 
74 44 IFol 













4 sin2 Q 
k2 
0 or 1 
0 or -1 
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PROGRAM D-4 	EQUI-INCLThATION HEXAGONAL Lp CORRECTION 
Store 2 : Code 0 or 1 	 Key h 	 Start 
Store 1 	c° (r.l.u.) Key k Continue 
Store 0 : a (r. 1. u.) 	 Key 1 	: 	Continue 
Key 10 Continue  
8 secs 
Output 
Display I Fol 










4 sin2  0 
sin2 




PROGRAM D-5 	EQUI-INCLINATI0N CUBIC Lp CORRECTION 	 7 secs 
Store 3 : a* (r.1.u.) 	 Key h 	: 	Store 0 
Key k : Store 1 	 Output 
Key I 	 Store 2 
Key 10 Start 	 IFol 




















09 Re AL 55 
10 	Store 0 
	
10 














































33 -AL 57 
34 	Re AR 
	
51 








39 i-AL 56 
STEP COMMAND CODE COMMENT 
40 'J.5ç;-  44 
41 Enter 41 
42 2 62 
43 -AR 53 
44 Ch. Sign 77 
45 -= 47 	1/Lp 
46 Enter 41 
47 Re  14 	10 
48 x= 46 
49 ,J_; - 44 	I.FoI 














































56 	Re  
57 x2 
58 	-AR 
























14 	cos o 
41 






















Store 0 : cos o 
Store 1 : cos /3 
Store 2 : cos 
TRICLINIC TO ORTHOGONAL CO-ORDINATES 
CLEAR ALL 
Key X 	: 	Store 3 




Start 	: Z0 
Continue :YO 
Continue : X 
STEP COMMAND CODE 	COMMENT 	STEP COMMAND CODE COMMENT 
00 	CLAL 
01 +AL 
02 	Re AR 
03 Enter 
04 	Re  
05 X= 
06 	+AL 
07 Re  
08 	Enter 




13 Re AR 
14 	Enter 




19 Re  
20 	Enter 
21 Re  
22 	X= 
23 +AL 
24 	Re  
25 -AL 
26 	Enter 
27 Re  
28 
29 	-AR 



















































PROGRAM E-2 INTERATOMIC DISTANCES (except Triclinic) 
Stores 	See text Key y1 	: Continue 
[Key Y2 Continue 
çKey x 1 	: Start [Key z1 	: Continue 
Key X2 	Continue Key Z2 : Continue 
The y  and z co-ordinates should be interchanged for b-unique monoclinic. 
8 sees 
Output 
Display : d (A) 
STEP COMMAND CODE 	COMMENT 
00 CLAL 54 
01 +AL 56 x 
02 Cl. Disp 76 
03 Stop 01 
04 -AL 57 
05 Enter 41 
06 Re  14 a 
07 X= 46 
08 CLAL. 54 
09 -i-AL 56 
10 X 2 45 
11 CLAR 50 
12 +AR 52 
13 Re AL 55 
14 Enter 41 
15 Cl. Disp 76 
16 Stop 01 
17 CLAL 54- 
18 +AL 56 y 
19 Cl. Disp. 76 
20 Stop 01 
21 -AL 57 
22 Enter 41 
23 Re  15 b 
24 Enter 41 
25 Re  17 cos 
26 Enter 41 
27 2 62 
28 X= 46 2 Lx Ayabcos)  
29 +AR 52 
30 Re AL 55 Ay 
31 X2 45 
32 Enter 41 
33 Re  15 b 
45 
35 +AR 52 
36 Cl. Disp 76 
37 Stop 01 
38 	CIA 	54 
39 +AL 56 	z 















45 Re 2 16 	C 
46 
	X2 	 45 





































00 Re  14 
01 -AL 57 
02 Enter 41 
03 Slave/Start 21 
04 X= 46 
05 Store 0 10 
06 X2 45 
07 CLAL 54 
08 +AL 56 
09 Re  15 
10 -AR 53 
11 Enter 41 
12 Slave/cont. 25 
13 X= 46 
14 Store 1 11 
15 X2 45 
16 -i-AL 56 
17 Re  17 
18 CLAR 50 
19 +AR 52 
20 Re  16 
21 -AR 53 
22 Enter 41 
23 Slave/cont. 25 
24 X= 46 
25 Store 2 12 
26 X2 45 
27 -i-AL 56 
28 Re  15 
29 Enter 41 
30 Re  16 
31 Enter 41 
32 Slave/cont. 25 
33 X= 46 
34 CLAR 50 
35 +AR 52 
36 Re  16 
37 Enter 41 
38 Re  14 
39 Enter 41 
40 	Slave/Cont 	25 
41 X= 46 8zLxaccos/3 
42 -i-AR 52 
43 Re  14 Ax.a 
44 Enter 41 
45 Re  15 iy.b 
46 Enter 41 
47 Slave/cont 25 
48 X= 46 	AxAyabcos 
49 -i-AR 52 
50 ;FAR 52 
51 -i-AL 56 
52 44 	d 









































PROGRAM E-3 	INTERATOMIC DISTANCES (GENERAL) 
Slave See text 
CLEAR ALL Key X2 +AL 
Key x 1 Store 0 Key Y2 	: -i-AR 
Key Yi 	: Store 1 Key z2 	 : Store 3 
Key zi 	: Store 2 Start 
6 secs 
Output 
Display : d (A) 




Layer Line spacings from tilted crystals. 
See Fig. 48 for a description of the geometry involved. 
D 
U j I - 
where 	 = 	2. .J51.J9- 4- e 
The problem is therefore to find an expression for sin 2O in terms of 
the reciprocal lattice spacing, d*, and tilt angle 
2 sin 0 = 
cos ( 0 
2 sin 	Cos (O+ç5)= _d* 
2 sin 	(cos Ocos - sin 19 'Sin çb) = _ d* 
2 sin O Cos 0Cos 95 -2 sin0 sin = 
2 sine cos çb(l-sin29 )2= _d* + 2 sin2 G sin çb 
4 sin2 0 cos2 0 - 4 sin4 0 cos 2 0 = d*Z - 4d* sin2 0 sin 4) + 4 sin4O sin2çh 
- 4 dh 2 0 sin çb - 4 sin2 6 cos 2 ç6 + d*2 = 0 
sin4 9 - ( 1 + d*sin 	- sin2 S ) sin2 Q + d*2 - 0 
4 
This is a quadratic in sin 2 0 of the Form 
a (sin2 )2 + b sin2 0 + c = 0 
where sin2 0 = -b ± Jb2 - 4ac 
2a 
Only the negative coefficient of the square root is acceptable since sin 2G l. 
Thus sin2 O = 	( 1 + d*  sin - sin20 	- 	(1 + d- 	ç$- sin2Ø )2 
d*2 
F. 	4g. 	Geovetry for 	a. t.LtecL 	Lo.y r 
cotttrt the. sphere 0F 	re.PLectLon. 
152 
APPENDIX 2 	OBSERVED AND CALCULATED STRUCTURE FACTORS (XlO) 	GE H,[,_ 
• 0,0,1 10 1 0,1 -1 619 598 
1 510 -488 
4 2533 2571 -10 188* 39 3 257 299 
6 1288 	-1231 -8 177* -211 4 1520 -1426 
8 583 469 -6 539 537 5 206* -140 
• -4 901 -856 6 615 646 
2,0,L -2 1021 972 
0 840 -798 5 1 1,1 
-10 192* -152 2 507 482 
-8 423 356 -8 575 -586 
-6 753 -643 12,0,1 ' -7 235 -317 
-4 890 819 -6 919 1012 
-2 749 -740 -10 188* 107 -5 561 550 
2 127* 237 -8 166* -154 -4 1357 -1315 
4 293 -308 -6 148 138 -3 782 -732 
-4 174 -33 -2 1339 1266 
410,L -2 174* -88 -1 709 723 
0 181* 144 0 793 	.. -733 
-10 192* 156 1 496 -526 
-8 427 -433 • 14,0,L 2 185* 235 
-6 879 950 . 3 195* 294 
-4 1469 -1660 -10 431 -521 4 210* 4 
-2 2016 2071 . -8 912 889 
0 1802 -1801 -6 1241 	-1183 . 7,1,1 
2 1227 1088 -4. 1296 1202 
4 496 -475 -2 1057 -935 10 261 -219 
6 199* 157 . 	 0 536 563 -9 297 268 
-8 572 574 
6,0,1 1,1,L -7 579 -53.6 
-6 1129 -1173 
-10 188* -1.50 . 	 . 	 -8 224* 355 -5 789 802 
-8 416 458 -7 214* -271 -3 879 -956 
-6 901 -1065 -6 698 -787 -1 785 861 
-4 1788 1900 -5 532 565 . 	 0 1527 1669 
-2 2436 -2544 -4 1368 1397 1 612 -593 
0 2389 2343 	• -3 948 -953 2 908 -1021 
2 1665 -1629 1 1042 -1191 
4 999 882 2 858 -1054 9,1,L 
6 445 •. 375 	. 3 738 815 • 
4 380 395 -8 214* 46 
8 1 0,1 5 485 -443 7 391 -335 
• 	 . 
. 	 6 206* -76 -6 156* 91 
-10 507 -532 . 	 7. 217* 196 -5 499 462 
-8 981 1118 8' 224* -13 -4 192* -366 
-6 1654 . -1830 -3 460 -488 
-4 2226 • 2307 3,1,L . -2 536 597 
-2 2200 -2141 • . . -1 423 391 
0 1477 1425 -8 503 -416 • 0 565 -611 
2 829 -714 	• -7 206* -175 1 210* -240 
• . -6 970 1057 2 431 457 
5 355 343 
• -3 594 -522. 
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APPENDIX 2 OBSERVED AND CALCULATED STRUCTURE FACTORS MO) 	GEHL I L 
• 11,1,L 3 369 -474 4 224* -279 
-7 156* -232 422,L 12,2,1 
• 	-6 1430 1366 
-5 297 273 -8 785 -680 -11 214* 99 
-4 1567 -1553 -7 460 420 -10 203* 348 
-3 203 -245 -5 698 -744 -9 192* -181 
-2 1361 1318 -3 977 1041 -8 601 -550 
-1 145k 167 -1 1393 -1120 -7 333 266 
0 782 -845 1 818 910 -6 561 658 
• 	1 228* -86 2 1328 1621 -5 304 -310 
2 228* 415 -3 141* 285 
• 
S 6,2,L 0 181* -140 
1311,1 1 199* 117 
-10 206* 68 2 210* 21 
-10 188* 22 -9 199* -53 3 217* -53 
-9 170* 252 -8 192* -56 
-8 148* 74 -7 181* 106 14 1 2,L 
-7 145* -357 -6 188* -86 
-6 264 -249 -5 185* -173 -8 456 361 
-1 148* 225 -4 423 400 -6 470 -532 
O 170* 361 -3 347 216 
1 192* -119 -2 934 -772 1,3,1 
-1 166* -201 
• 15 1 1,L 0 872 878 -8 .634 384 
1 192* 138 -7 210* -72 
-10 318 -263 . -6 735 -837 
-9 199* 210 8,2,1 -5 199* 131 
-8 467 403 -4 1227 1431 
-10 271 -219 -3 181* -203 
0,2,L -8 496 459 -1 163* 256 
-7 195* 135 	. 2 1386 	-1293 
1 133* 41 -6 811 -734 3 192* 206 
3 102* -26 -5 163* -187 . 	 4 557 672. 
4 1027 1142 	•. . 	 -4 941 883 5 210* -127 
5 111* -9 0 177* 457 	. 
• 	 6 686 -545 1 192* 74 . 3,3,L 
• 	7 119* 9 • 	 2 203* -182 
8 292 199 3 206* -28 -8 217* -54 
-7 199* 264 
2,21L . 10,2 1 1 . 	 . -6 297 226 
5 467 -474 
• 261 230 -9 206* -287 -4 626 _544 
--6 181* 25 -8 619 -601 -3 666 677 
-5 442 -452 -7 434 475 • 	 • -2 963 904 
-4 347 -315 -6 1064 1052 -1 803 -753 
-3 731 698 -5 691 -616 0 1162 	-1048 
-2 926 • 787 3 774 624 . 	 1 753 647 
-1 966 -82C . 	 0 999 	-1056 	- 2 774 870 
0 1343 -1192 1 195* . 	 306 3 203* -438 
1 706 714 2 499 612 
2 1107 1233 3 214* . -153 
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APPENDIX 2 OBSERVED AND CALCULATED STRUCTURE FACTORS (XlO) 	GEHt L  
5,3,L 0,4 9 1 10,4,L 
• 	-2 192* -40 0 1093 1173 -5 206* -56 
-1 257 -264 1 1031 -1034 -6 684 -585 
2 199* -330 2 1075 -1011 -3 206* 69 
3 210* -138 3 832 811 -2 575 610 
4 668 658 0 460 -483 
7,3,L 5 491 -504 
6 288 -327 12,4,L 
-10 290 -271 7 261 251 
-8 594 641 -6 203* 288 
-7 181* -209 2,4,1 -5 264 140 
-5. 355 316 . 
. -4 199* -231 
• 	2 774 -940 -2 181* 166 -3 203* -118 
3 214* 168 -1 398 297 -2 206* 121 
• 0 463 -381 
• 9,3,1 . 1 304 -274 14,4,L 
2 615. A 7 3 
-6 460 -431 3 387 193 -2 329 -293 
-5 181* -192 . 4 ,.. 355 -391 
-4 369 339 . 	 . 	 . 
. 3,5,L 
-3 185* 198 4,4,L . 	 . 
-2 188* -133 	. . . 	
. -5 253 -374 
-5 210* -65 -4 503 -555 
-4 890 -964 0 .912 -842 
-3 203* 87 
-7. 199* 284 -2 1093 1128 	. . 5,5,L 
-6 478 474 . 	 -1 199* -103 . 
-5 391 -355 0 1118 -995 -6 344 380 
-4 539 -555 • 	 1 203* 105 	. 	• -3 214* 226 
-3 297 355 . 	 2 727 658. -2 489 	• 415 
13,3,L • 6,4 1 1 11,5,L 
-8 235* 283 -7 304 -352 -4 442 -477 
-7 217* -84 -6 217* -100 -2 340 401 
-6 402 -456 -3 673 . -666 	. 
• 
-5 170* 100 -2 561 495 . 0961L 
-4 489 558 -1 695 634 	• 
-3 177* -93 0 626 554. 0 469 554 
1 604 -475 1 128* -241 
15,3,L • . 	 2 510 -451 2 438 -485 
3 128* • 	 198 
-8 568 485 8,4,L • 	 . 4 274 326 
-7 235* -56 • . •• 5 128* -133 
-6 • 384 -544 • 	 -4 651 574 6 186 -169 
-4 409 466 	• • -3 575 . -559 
• . • 	
. 	 -2 521 -494 	• 	. . 
-1 438 495 . 	 • 
APPENDIX 3 
Observed three dimensional reflection data for Si 5C1 12 . SiC14 
cca1culated 
h k I JFoIw cassigned 
2 0 0 171.4(3) 171 11 
2 2 	0. 264.0(1) 264 20 
4 0 0 198.4(3) 198.4(3) 178.3(2) 193 13 
4 2 0 256.3 (1) 277.7 (2) . 271 18 
4 4 0 128.2(2) 128.6(2) 128 10 
6 0 0 371.9(1) 372 27 
62 2 103.8(2) 97.1(2) 114.8(2) 114.8(2) los 27 
6 4 0 71.5 (2) 80.9 (2) 86.7 (1) 80.9 (2) 89.1 (1) . 80 6 
6 4 2 137.5 (3) 122.5 (3) 137.5 (3) 145.6(2) 135.7 (2) 145.6(2) 148.5(2) 138 8 
6 6 0 324.7 (1) 399.4 (2) 375 25 
6 6 2 116.4(2) 127.5(2) 115.2(2) 126.1(2) 103.0(2) 118 9 
7 3 1 116.8 (2) 116.8 (2) 120.1 (2) 113.3 (2) 121.9(2) 133.6 (2) . 120 6 
7 5 1 95.6 (2) 103.6 (2) 95.6 (2) 98.2 (2) 94.6 (1) 102.5 (2) 94.6 (1) 94.6(l) 	102.5(2) 99 4 
7 .5 3 172.3(3) 165.1 (3) 148.4(2) 179.8 (2) 163.4(2) 160.9 (2) 155.8(2) . 164 9 
8 2 2 140.2(2) 145.5 (1) 146.4(2) 156.5 (2) 136.6(3) 144.9(2) 144.9(2) 136.6 (3) 	144.9(2) 143 6 
84 0 107.1(1) 116.6(2) 113.1(1) 113 10 	U 
8 4 2 119.8(2) 121.1'(3) 127.1(2) 113.3(3) 115.8 (2) 110.9 (2) 112.1(2) 123.8(2) 	118.6(2) 	112.1(2) 	118.6(2) 119.8 (2) 	118 5 
U 
844 169.8(2) 185.9(2) . . 178 12 
8 6 0 175.4(2) 198.8(2) S 	 S 187 13 
8 6 2 291.2(3) 290.5(2) 261.9 (3) 314.4(2) 290.5(2) 291.2(3) 271.7 (2) 286 15 
8 8 0 183.4(2) . 183 12 
8 8 2 153.1 (3) 158.9 (3) 168.1 (2) 133.0(2) 157.4(2) 151 11 
8 84 62.9(1) 77.0(1) . . 70 13 
9 3 1 223.5 (3) 208.9 (3) 218.8 (3) 218.1 (3) 202.0(2) 216.0(2) 194.6(2) 202.0(2) 	216.0(2) 212 9 
9 5 1 141.2(2) 154.6(2) 142.9(2) 153.0 (2) 142.9 (2) 147 6 * 
9 5 3 137.4(2) 120.8 (2) 121.2(2) 94.8(l) 111.0 (1) 97.6(2) 116.1 (1) 128.2(2) 	109.2(2) 	111.0 (1) 	. 116 13 
9 7 1 89.5(2) 94.4(1) 94.4(1) 92 13 
9 7 3 121.5(2) 128.2 (2) 121.5(2) 125.0 (2) 128.5(2) 113.5(2) 127.0(2) 128.5(2) 	139.0(2) 	113.5 (1) 126 7 
9 7 5 107.5(2) 106.4 (2) 95.2 (1) 86.0(1) 86.1 (1) 100 9 
10 0 0 174.0 (2) 176.5 (2) 175 12 
10 4 0 49.0(1) 49 . 	20 
10 4 2 259.5 (3) 233.4(3) 259.5 (3) 233.4(3) 231.2(2) 231.0(2) 249.6(3) . 237.9(2) 	266.8 (3) 	249.6(3) 247 
10 4 4 155.4(2) 151.5 (3) 170.2 (2) 153.9 (2) 153.9(2) . S 	 S 
5 	
156 7 
10 6 0 	145.7 (1) 
h 	k 1 Scaled JF0J values with assigned weights in parentheses IFoiw 'ocalcu1ated 
a" assigned 
10 6 4 98.6 (2) 103.5 (2) 110.2(2) 97.6(l) 95.1 (1) 97.6 (1) 	 S 102 5 
10 8 2 67.7 (1) 82.9 (1) 84.5(2) 80 17 
10 8 4 69.9 (1) 99.1 (2) 69.9 (1) 99.1 (2) 87.8(1) 107.4(l) 	97.9(l) 	87.8(l) 92 12 ' 
10 8 6 73.2 (1) 94.6(2) 87 17 
10104 69.8(1) 70 20 
11 3 1 87.7(1) 70.4(1) 101.3(2) 99.6(2) 86.0(2) 91 10 
11 5 1 74.1(1) 52.4(1) 63 20 
11 7 1 99.1 (1) 99 13 
11 7 5 98.7 (2) 96.4(2) 91.4(l) 96 13 
12 0 0 292.2 (3) 277.7 (2) 286 19 
12 2 0 117.6(2) 101.1 (1) 112 10 
12 2 2 157.9(2) 166.5(2) 
S 174 11 
12 4 4 120.7 (2) 126.0(3) 132.3(2) 101.1(2) 107.0(1) 119.6(2) 	119.6(2) 119 10' 
12 6 0 147.6(2) 110.5(1) 135.4(1) 135 10 
12 6 4 54.0(1) 54 20 
12 6 6 51.9(1) 52 20 
12 84 94.1(1) 97.9(2) 108.6(2) 87.6(2) 115.8(1) 115.8(1) 102 10' 
12 8 6 97.5(1) 114.9(2) 97.5(1) 116.2(1) 108 10 
12 8 8 144.1(2) 142,7 (1) 144 10 	ON 
12106 69.0(1) 72.9(1) 
. 71 17 
12126 112.5(2) 97.4(1) 5 107 10 
13 3 1 111.2(2) 111.2(2) 108.7 (1) 110.2(l) 108.7 (1) S 110 6 
13 5 3 99.0(1) 57.2(1) 5 78 20 
137 3 83.9(1) 59.3(1) 72 20 
14 2 0 99.9(1) 100 13 
14 2 2 115.3(2) 114.2(1) 114.2(1) 5 
5 
115 10 
1442 83.1(1) 83.1(1) 83.1(1) 5 83 20 
14 4 4 110.1 (2) 110.1 (2) 
. 110 10 
14 6 0 85.4(1) 85 20 
14 64 104.9(1) 83.5(1) 104.9(1) 83.5(1), 94 13 
14 6 6 60.7 (1) 60.7 (1) 61 20 
14 8 6 109.1 (1) 105.5 (1) 109.1(1) 108 10 
14104 59.3(1) 59 20 
APPENDIX 4 
Observed and calculated structure amplitudes with calculated phase angles for Si 5 C112. SiCI4 
157 
h k 1 lFoJ fFcJ o' 
2 0 0 203 186 180 
2 2 0 313 311 0 
4 0 0 229 220 180 
4 2 0 322 309 0 
4 4 0 152 144 180 
6 0 0 441 444 180 
6 2 2 128 120 210 
6 4 0 95 95 0 
6 4 2 164 171 27 
6 6 0 445 465 0 
6 6 2 140 146 106 
7 3 1 142 138 335 
7 5 1 117 116 174 
7 5 3 195 196 313 
8 2 2 170 163 150 
8 4 0 134 134 0 
8 4 2 140 141 94 
8 4 4 211 230 324 
8 6 0 222 230 180 
8 6 2 339 356 345 
8 8 0 217 230 0 
8 8 2 183 185 309 
8 8 4 83 79 105 
9 3 1 252 265 259 
9 5 1 174 174 95 
9 5 3 138 132 100 
9 7 1 109 114 349 
9 7 3 150 153 248 
9 7 5 119 118 132 
10 0 0 208 203 180 
10 4 0 58 51 0 
10 4 2 293 300 294 
10 4 4 185 188 115 
10 6 0 173 183 0 
h k 1 1 F j 	' JFcI cC 
10 6 4 121 117 342 
10 8 2 95 96 92 
10 8 4 109 115 273 
10 8 6 103 94 47 
10 10 4 83 65 12 
11 3 1 108 91 283 
11 5 1 75 78 50 
11 7 1 117 131 176 
11 7 5 114 110 12 
12 0 0 339 340 0 
12 2 0 133 135 180 
12 2 2 206 211 12 
12 4 4 141 142 283 
12 6 0 160 162 180 
12 6 4 64 57 292 
12 6 6 62 53 355 
12 8 4 121 118 29 
12 8 6 128 119 153, 
12 8 8 171 167 352 
12 10 6 84 95 26 
12 12 6 127 116 356 
12 3 1 131 131 112. 
12 5 3 93 91 220 
13 7 3 85 71 77 
14 2 	' 0 119 102 0 
14 2 2 136 144 251 
14 4 2 98 94 8 
14. 4 4 131 134 215 
14 6 0 101 107 180 
14 6 4 112 116 . 28 
14 6 6 72 79 145 
14 8 6 128 121 332 
14 10 4 70 50 343 
158 
APPENDIX 5 
Standard deviations for bond lengths in Si 5 Cl 12 . SiC14 
(1) 	Atoms at x1, x 1 , x1 and x2 , x2 , x2 
d = [( x-x2 ) 2 + (Y1-Y 2 ) 2 +(z1-z2)2 ] 
= a [3 (x 1 .-x2)2] 2 
= a(x1-x2)J 
0-2 	 x 1 _xz).(a)j 2 + [a 	.6(xi)] 2 +[a fi (xz)J 2 R 
= 3 [(x l ._x,)?,-2(a) + a 2 d2 (x1) + a2 d2 (x2)] 
For Si(l) - C1(l) x1 = 0 and d(x1) = 0 
Hence d2 (d) = 3 1x 2 2 (a) + a2 
For Si(2) - Si(3) 	x2 = and 	0 
Hence d2(d) 3 [(x l --!) Z) 	2 (a) + a 2  Q' 2 (xl)] 
(ii) 	Atoms at x 1 x 1 x1 and x2 , y2 , z 2 . 
d = a [(x l -x,)' + (x1-y2) 
2 







 (x2 +y2+z 2 ) + x2 2  + y 
2
+ z2 j 
1 
= a 2 
2(d) = [u* (a)J 2 + [4u f (6x 1 -2x 2 -2y 2 -2z 2 ) a.d(x1)] 2 
[ 	 [ 	
)]2
(-2x+2x a.(x+u 2 x 	)a.d(y+ fu +2y12 	2J2 	 2  
+ [-LU -2 (-2x
1
+2z 2 )a.d(z 2 )] 2 
u 0'  (a)+ a 2 [(3x, -x 2-y2-,Z)z. ?( 1 ) +(x 1 -x2 ) 2. .o(x2 ) 
+ (x 1 -y2). 	(y2 ) + (x 1 -z 7 ) 	(z2) 
 ] 
2. 
Substituting 	u = d 
az 
2 	22 	4 
	
22 	 2.2 
(d)=d i(a)+a [(3x i _x2 Y2 z 2 ) 	(x 1 ) + (x 1 .-x2 ) 	(x2 ) +(x1y2)2  (Y2) 
+(x1Z2)2
01 2(z2) 1 
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APPENDIX 6 
Thermal liberation corrections for Si 5 Cl 12 . SiCl4 . 
The corrections are based on the formulae of Busing and Levy 
(1964), (44). 
S = S0 + (w2B_w\)/2So 	 •.. (1) 
where S = corrected mean bond length 
S o = observed bond length 
W2A = mean displacement of atom A normal to the bond 
W2 = mean displacement of atom B normal to the bond, where 
atom B is considered to 'ride' on atom A. 
Busing and Levy give the following expressions for the evaluation of 
W 
7.
- F 1 - 
where r2 = general mean displacement of the atom from its mean 
observed position. 
= mean displacement component in the direction of the bond. 
U/2t 	S0 .0 
where 	 ( 	• 	Sok 	 ... (4) 
kzi 
2. 
= 	 ,,• (. 	 ) 	
( 5) 
Since in the cubic system IalI = 12I = 12,31 and all three rectors are 
normal to each other 
160 
a.a = 0 	i+j 
2. 
= a 
Equation (4) now becomes 	U.=a Sj 	 ... (6) 
and equation (3) becomes 
2. 	3 
•2. = a . 
	
L~j
,< s..s0,,/t s0 	 (7) Zir 2. 
iI 	 - 
3 
also equation (5) becomes 	 OL 	 (8)  
i=p 
Thus 	Wi 	
- S S0./ 
so.J 	 (9) 
For Si(1) - Cl(l) 	 S0 1 	S02 = S03 
Si(l) : 	 //3 33 	 ônL 	 017. 




= 113 3 .3 	 /3=/3 -/3 
7. 
Hence 	WO  
For Si(3)-Si(2) 	The same formulae as for Si(l) - CI(I) hold. 
For Si(Z)-CI(2) 	little simplification is possible so that the expression 
in equation (9) has to be evaluated in full. 
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Fig. 3. Si 5C1 12 projection along a Si-Si bond, (a) trans con- 
formation, (b) skew conformation. 
posite trichiorosilyl group, in fact the molecule in the 
crystal adopts a skew formation in which each tn-
chlorosilyl group has been rotated through 200 with 
respect to the trans conformation (Fig. 3). Because of 
the symmetry, the angles at Si(l) and Si(3) are tetra-
hedral. In addition the angles at Si(2) are not signi-
ficantly different from tetrahedral. 
Finally a• comment must be made on the overall 
structure. This is clearly not a bridged compound, nor 
is there any indication of bonding between the mole-
cules. The closest contact between the silicon tetra-
chloride and the dodecachloropentasilane is 4-04A. 
The crystal structure must therefore be the result of 
van der Waals-type interactions and stacking effects. 
1 would like to thank J. E. Bentham of this Depart-
ment for preparing and supplying the crystals for this 
study, the Edinburgh Regional Computing Centre for 
computing facilities, and Dr C. A. Beevers for his 
interest and also for the model building facilities. 
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Compound 	Bond length 
SiCI4 201 (2) A. 
Si2CI 6  2-00(5) 
2-02(2) 
2-01(1) 
SiH3 CI 2-0479(7) 
SiHC1 3  2-021(2) 
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Intensity data and structure refinement 
Because of the difficulties experienced in trying to 
obtain upper-layer Weissenberg photographs, and 
indeed of getting photographs at all, it was decided 
to use oscillation photographs which had originally 
only been intended for preliminary work. These were 
indexed, and as many intensities as possible were care-
fully measured visually by comparison with an inten-
sity strip. The measured intensities were Lp corrected 
and a weighted mean 1F0 1 for each unique index set was 
calculated. Zirconium-filtered Mo Ka radiation = 
0-7107 A) was used and no corrections were made for 
absorption. 
A successful trial structure refined isotropically to 
R = > jlF0 - IFC I II>1F01 = 00810 with 67 refiexions and 
11 variable parameters, using a full-matrix least-squares 
computer program, a modified version of that written 
by Busing, Martin & Levy (1962). A further three 
cycles of anisotropic refinement gave R=00437 with 
67 refiexions and 18 variable parameters. 
Observed and calculated structure amplitudes with 
calculated phase angles are given in Table 1. 
Description and discussion of structure 
The fractional atomic coordinates and temperature 
parameters are given in Table 2. The corresponding 
bond lengths and angles are shown in Table 3. 
Table 3. Observed bond lengths and angles with their 
standard deviations 
Si(1)-Cl(1) 	1955 (12) A 	Cl(2)-Si(2)-C1(2') 	1088 (5)° 
Si(2)-C1(2) 1-994(7) 	CI(2)-Si(2)-Si(3) 1101 (5) 
Si(2)-Si(3) 	2-332(9) 
The Si-Si bond length of 2332 A agrees well with 
other determinations of Si-Si bonds in other com-
pounds (Table 4). 
The Si-Cl bond of 1994 A in the dodecachloro-
pentasilane molecule is in reasonable agreement with  
other determinations of the Si-Cl bond (Table 5). 
However the Si-Cl bond of 1955 A in the silicon 
tetrachloride molecule in the crystal is clearly on the 
short side. This was taken to be the result of the time 
average effect which occurs in the X-ray method. For 
a terminal atom vibrating in an angular fashion the 
centre of mass of its time-average electron density 
distribution is moved towards the point about which 
the bond pivots. Since the measured X-ray intensities 
are determined by the time-average structure, the 
resultant bond length appears shortened. In the case 
of the silicon tetrachloride molecule this effect can be 
achieved by the molecule as a whole having a rotational 
vibration. Since the shortening appears greatest for 
this molecule it would be expected to have higher 
thermal parameters. This is in fact the case, the silicon 
tetrachloride thermal parameters being approximately 
double those found for the dodecachloropentasilane 
molecule. 
Applying corrections for thermal librations by the 
method of Busing & Levy (1964), the following bond 
lengths were obtained: 
Si(l)-Cl(l)=2036 (12) A 
Si(2)-C1(2) = 20 12 (7) 
Si(2)-Si(3) =2342 (9). 
These are also shown in rig. 2. The standard deviations, 
in parentheses, are those obtained for the observed 
bond lengths. All the corrected values (within their 
respective limits of accuracy) are in very good agree-
ment with the determinations quoted in Tables 4 and 5. 
Both the silicon tetrachloride molecules and the 
dodecachloropentasilane molecules lie on special posi-
tions with the point group symmetry 23. The silicon 
tetrachloride molecules themselves possess the higher 
symmetry 43m. It is the configuration of the surround-
ing dodecachioropentasilane molecules which reduces 
the overall symmetry. Although it is possible for the 
dodecachloropentasilane molecule to adopt the sym-
metry 43m in which each chlorine is trans to the op- 
Table 4. Some Si-Si bond lengths 
Compound Bond length 
Si (diamond lattice) 235 A 
Si2C16  2-32(6) 
234.(6) 
2-24(6) 
Si2H 6  2-32(3) 
5i2(CH 3)6  2 - 34(10) 
Method 	 Reference 
X-ray crystallography Straumanis & Aka (1952) 
Brockway & Beach (1938) 
Iwasaki, Kotera, Tatematsu & Yamasaki (1948) 
	
Electron diffraction 	Swick & Karle (1955) 
Brockway & Beach (1938) 
Brockway & Davidson (1941) 
Table 5. Some Si—Cl bond lengths 
Method 	 Reference 
Iwasaki et al. (1948) 
Electron diffraction 	Brockway & Beach (1938) 
Iwasaki et al. (1948) 
Swick & Karle (1955) 
Infrared and microwave 	Bak, Bruhn & Raslrup-Andersen (1954) 
Microwave 	 Mockler, Bailey & Gordy (1953) 
1234 	 DODECACHLOROPENTASILANE SILICON TETRACHLORIDE 
Si 	 Further interest was generated in the adduct crystal 
I by the suggestion (Nuss & Urry, 1964) that the two 
Si-Si-Si-Si-Si 	Si-Si-Si-Si 	Si-Si-Si 	mole- cules were linked by chlorine bridges, giving a 
I 	I silicon atom with octahedral coordination, as in Fig. 1. 
Si Si 
n-pentyl 	isopentyl 	neopentyl 	 Preliminary X-ray work 
SiCI3 The product from an Si 5 C112 preparation turned out to 
be microcrystalline (cf. Kaczmarczyk, Millard, Nuss 
& Urry 1964), and a powder photograph was all that 
SiCl3 could be attempted. The product from a preparation 
______ 	 ci CI 3 Si  for giving Si 6C1 14 .SiCl4 turned out to be clear cube- 
0- 
shaped crystals (cf. Kaczmarczyk, Nuss & Urry 1964). 
SiCI 3 	I I These readily lost silicon tetrachloride to give a micro- Si crystalline product which was also examined by powder 
Ci - photography. This photograph matched the previous 
one both in line spacings and in intensities. The Raman 
Cl spectra of the two samples were also identical (Cradock 
Fig. 1. A suggested structure for Si5Cli2.SICI4. & Bentham, unpublished). Clearly the two powders 
were the same and therefore at least one of the products 
Table 1. Observed and calculated structure amplitudes was not what had been expected. Addition of silicon 
with calculated phase angles tetrachloride to the microcrystalline powder again 
produced the cube-shaped crystals. 
h 	6. 	I 	IF0 1 	IFl 	M0 6. 	6. 	I 	1P. 1 	l"J From an oscillation photograph and a zero-layer 
2 	0 	0 	203 	186 	160 	 10 	6 	4 	121 	117 	342 Weissenberg photograph the adduct crystal was found 
2 	2 	0 	313 	311 	0 10 	6 	2 	95 	96 	92 
4 	0 	0 	229 	220 	160 	 10 	8 
to have a cubic unit cell, a= 17344(25) A, which was 
4 	109 	115 	273 
4. 	2 	0 	322 	309 	0 10 	8 	6 	103 47 face-centred. This meant that the compound was the 
4 	4 	0 	152 	1" 	160 	 10 	10 	4 	83 	65 	12 
6 	0 	0 	441 	444 	180 
neopentyl isomer of dodecachloropentasilane, for it 
11 	3 	1 	198 	91 	283 
6 	2 	2 	128 	120 	210 	 11 	5 	1 	75 	70 	50 is the only possibility that can be accommodated 
6 	4 	0 	95 	95 	0 ii 	7 	1 	117 	131 	176 within the symmetry requirements. 	Reflexions for 
6 	4. 	2 	164 	171 	27 	 11 	7 	3 	114 	110 	12 
6 	6 	0 	445 	465 	0 12 which h, k and I were either not all even or not all odd 0 	0 	339 	340 	0 
6 	6 	2 	140 	146 	106 	 12 	2 	0 	133 	135 	180 were seen to be absent. Also, no reflexions of odd 
7 	3 	1 	142 	128 	335 12 	2 	2 	206 	211 	12 indices were observed with any two or all three indices 7 	5 	1 	117 	116 	174 	 12 	4 	4 	241 	1.4.2 	283 
7 	5 	3 	195 	196 	313 12 	6 	0 	160 	162 	160 equal. These absences correspond to space group 
8 	2 	2 	170 	163 	150 	 12 	6 	4 	64 	57 	292 F3c which has the general conditions for reflexion: 8 	4 	0 	131, 	134 0 12 	6 	6 	62 	53 	355 
8 	4 	2 	240 	241 	94 	 12 	8 	4 	121 	118 	29 hkl: h+k, k+l, l+h=2n 
8 	4 	4 	211 	230 	324 12 	8 	6 	126 	119 	153 
8 	6 	0 	222 	230 	180 	 12 	8 	8 	171 	167 	352 hhl: 1, h - 2n. 
8 	6 	2 	339 	356 	345 12 	10 	6 	84 	95 	26 
8 	8 	0 	217 	230 0 	 12 	12 	6 	127 	116 	356 Because of their instability and reactivity towards air 
8 	8 	2 	183 	185 	309 13 	3 	1 	131 	131 	iiz the crystals were handled under dry nitrogen and in 8 	8 	4 	83 	79 	105 	 13 	5 	3 	93 	91 	220 
9 	3 	1 	252 	265 	259 13 	7 	3 	85 	71 	77 
sealed glass capillary tubes for photographing. 
9 	5 	1 	174 	174. 	95 	 14 	2 	0 	119 	202 	0 
9 	5 	3 	138 	132 	100 34 	2 	2 	136 	144 	291 
9 Crystal data 7 	1 	109 	124 	349 	 14 	42 	98 	94 	6 
9 	7 	3 	150 	153 	248 .34 	4 	4 	131 	134 	215 
9 	7 	5 	119 	108 	132 	 14 	6 	0 	101 SiC1 16 , 1N4.\V.735•8. Cubic, a= 17344 A, 107 	180 
10 	0 	0 	208 	203 	180 24 	6 	4 	102 	116 	28 V= 5217-3 A 3 , Z= 8. 10 	4 	0 	58 	51 0 	 14 	6 	6 	72 	79 	345 
10 	4 	2 	293 	300 	294 24 	8 	6 	128 	121 	332 D, = 187, F(000)=2848, F43c, Mo Ka radiation, 
10 	4 	4 	185 	188 	119 	 34 	10 	4 	70 	90 	343 
50 	6 	0 	173 	183 	0 it— 192 cm'. 
Table 2. Fractional atomic coordinates and thermal parameters 
Values (except those marked with an asterisk) are multiplied by 10 5 . 
The temperature factor is of the form exp {_(h 2/311 +k2/322+12fl33+2hk/312+2h1/313+2k1p23)}. 
X 	 y 	 z 	 fin 922 	P33 	P12 	fl13 	P23 
0 0 0 304 (38) 304 (38) 304 (38) 0 0 0 
17237 (27) 	17237 (27) 	17237 (27) 	281 (18) 281 (18) 	281 (18) 	—48 (21) 	—48(21) 	—48 (21) 
173 (30) 173 (30) 173 (30) 0 	0 	0 
CI(l) 	—6509 (38) 	—6509 (38) 	—6509(38) 	984 (50) 984 (50) 	984 (50) 	—362(40) 	—362(40) 	—362(40) 
CI(2) 23228 (28) 13447 (34) 8188 (35) 523 (34) 498 (28) 368 (27) 65 (28) 100 (26) 111 (28) 
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The Crystal and Molecular Structure of Dodecachioropentasilane Silicon Tetrachloride 
BY DAVID K. FLEMING 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
(Received 4 August 197 1) 
The structure of dodecachloropentasilane silicon tetrachloride, Si 5012 . SICI4, has been determined and 
refined by three-dimensional least-squares methods, using 67 reflexions, to an R index of 0044. The 
substance crystallizes in the cubic space group F43c, with a= 17344 A. The two types of molecule, 
Si5CI 12 and SiC14, are simply stacked together with intermolecular distances corresponding to van der 
Waals type interactions. 
Introduction 
The perchioropolysilanes, SiC1 +2,  could be described 
as the chiorosilicon analogues of the alkanes, CH 22 . 
But whereas C—C linkages are very common, Si—Si 
linkages are somewhat rare, Si—O bonds being much 
preferred when possible. 
Some of the higher perchioropolysilanes form 1: 
adducts with silicon tetrachloride (Urry, 1964) which 
are crystalline and suitable for study by X-ray methods. 
For example, dodecachioropentasilane silicon tetra-
chloride was prepared. It was of interest to see which 
isomer of the dodecachloropentasilane was formed: 
n-pentyl, isopentyl or neopentyl: 
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a0m was very clo& to tetrahedral at 109,8: 
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